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CHAPTER 8 


EFFECTS AND MEASUREMENT OF FRESHWATER INFLOW 


THE INFLUENCE OF SALINITY TRANSITION 


ON BENTHIC NUTRIENT REGENERATION IN ESTUARIES 


Randy E. Edwards 


University of Miami 
Rosenstiel School of Marine and Atmospheric Science 


ABSTRACT 


Benthic nutrient regeneration, 
the liberation of nutrients (partic- 
ularly N and P) from sediments to 
overlying water, is quantitatively 
important in estuarine nutrient bud- 
gets. Regeneration rates can be 
Significantly affected by the phy- 
sical and chemical parameters of the 
overlying water. Alterations of 
freshwater inflow result in salin ty 
transitions in which these para- 
meters are changed, and therefore 
they are likely to cause changes in 
nutrient regeneration’ rates. The 
rates at which sediment nutrients 
are mineralized, mobilized, and re- 
leased are controlled by complex 
interrelationships between biologi- 
cal processes, such as community 
metabolisr and organism activities; 
and physical/chemical mechanisms, 
such as the effects of salinity, pH, 
and redox potentials on sorptive pro- 
cesses. Due to the importance of nu- 
trient cycles in the overall func- 
tioning of estuarine ecosystems, any 
appraisal of the consequences of 
changes in freshwater inflow to an 
estuary should include consideration 
ci the effects on benthic nutrient 
regeneration. 


INTRODUCTION 


Recent research has shown that 
regeneration, the 


benthic nutrient 


flux of nitrogen and phosphorus from 
sedimeats te overlying water, plays 
an important role in the nutrient cy- 
cles and budgets of both marine eco- 
systems (Rowe et al. 1975; Davies 
1975; Hale 1975; Hartwig 1976; Nixon 
et al., 1976; Rowe et al. 1977) and 
freshwater environments (Kamp-Nielsen 
1974; Banoub 1977; Lee et al. 1977; 
Stevens and Gibson 1977; Holdren and 
Armstrong 1980). Evidence for the 
importance of sediment nutrient flux 
in estuaries (Pomeroy et al. 1965; 
Upchurch et al. 1974; Stirling and 
Wormald 1977) has been neither as 
extensive nor as direct. However, 
it is most likely that sediment ni- 
trogen and phosphorus fluxes. are 
equally or even more important in 
most estuarine ecosystems, since es- 
tuarine sediments usually have high 
organic content which permits high 
rates of biological metabolism (i.e. 
Carter et al. 1973) and which results 
in high sediment inorganic N and P 
concentrations (Brooks et al. 1971; 
Ho and Lane 1973; Upchurch et al. 
1974; Matisoff et al. 1975). For 
example, Taft and Taylor (1976) sug- 
gested that sediment P flux was the 
major source of dissolved phosphate 
in Atlantic coastal plain estuaries 
and that it controlled the annual cy- 
cle of phosphate concentration. The 
fact that most estuaries are rela- 
tively shallow and thus have a high 


sediment-surface to water-volume 
ratio furthers the relative impor- 
tance of sediment nutrient flux. 


Many of the processes involved 
in benthic nutrient regeneration can 
be affected in the estuarine environ- 
ment by parameters directly related 
to the degree of sea water dilution 
by freshwater inflow. In all estua- 
ries, freshwater inflow results in a 
spatial salinity transition, with 
salinity increasing from the head of 
the estuary, or freshwater source, 
to the mouth of the estuarine eco- 
system. Temporal salinity transi- 
tions also occur in most estuaries 
and often are related to _ seasonal 
climatological patterns which cause 
changes in freshwater inflow. Al- 
though salinity transition can have 
other causes such as_ evaporation, 
wind stress, seasonal tidal patterns, 
or modification of estuarine geomor- 
phology, in the following discussion 
estuarine salinity transition will 
be considered to be that arising from 
changes in freshwater inflow. Very 
often the transitions are large in 
magnitude and extensive in area and 
can have profound effects on the 
functioning of estuarine ecosystems. 


Among the parameters that can 
be affected are those which influ- 
ence the rates of nutrient flux from 
sediments. Because nutrient levels 
can control rates of estuarine pro- 
ductivity (Williams 1972) and because 
productivity in turn can greatly in- 
fluence the biological functioning of 
an estuary, it is very important that 
any assessment of the effects of 
freshwater inflow to an estuary in- 
clude consideration of its potential 
effects on sediment nutrient regene- 
ration and the resulting effects on 
the nutrient cycles of the estuarine 
ecosystem. 


In order to evaluate these ef- 
fects it is important to understand 
the mechanisms by which salinity 
transition can affect nutrient re- 


generation. For the most part, the 
mechanistic responses to salinity 
transition can only be inferred from 
the mechanisms themselves, as very 
little experimental or empirical data 
are available. This is an area of 
estuarine ecology that is acutely in 
need of further research. 


SEDIMENT NUTRIENT 
MINERALIZATION PROCESSES 


The cycles of N and P in sedi- 
ments can be divided into three cate- 
gories of processes: mineralization 
processes, mobilization processes, 
and release processes. Mineraliza- 
tion processes are those processes 
which transform organic N and P into 
forms which can be liberated from the 
sediments, while mobilization pro- 
cesses are those which transform min- 
eralized nutrients into forms which 
permit or enhance the release pro- 
cesses by which the actual liberation 
occurs. Sediment N and P can origi- 
nate from several sources, including 
coagulation and sedimentation of col- 
loidal suspensions such as clay min- 
erals (Edzwald et al. 1974) to which 
inorganic N and P may be adsorbed 
(Upchurch et al. 1974); depositon of 
allochthonous mineral detritus such 
as apatite (Ritte berg et al. 1955; 
Wentz and Lee 1769); and direct 
sorbtion of inorganic N and P from 
overlying water (Pomeroy et al. 1965; 
Stirling and Wormald 1977). However, 
sediment nutrient flux typically de- 
rives mostly from inputs of alloch- 
thonous and autochthonous’ organic 
material. 


Before the nutrients contained 
in these organic materials can be re- 
leased from the sediments they must 


be mineralized to inorganic forms 
such as ammonia or phosphate or at 
least transformed into soluble or- 
ganics, primarily by the nietabolic 
activities of the heterotrophic com- 
munity within the sediment. This 
biological mineralization can be des- 
cribed (Head 1976), assuming that the 
mineralized organic material has a 
composition similar to marine plank- 
ton (Redfield et al. 1963), for the 
case of oxygenated environments by: 


(CH, 0) J 06 (NH, ) 16 HPO, + 106 0,> 


106 CO + 16 NH. +H, PO, + 106 


2 3 3 4 


In anaerobic sediments, where micro- 
bial sulfate reduction predominates, 
the relationship is: 


2- 
(CHO) J 0¢ (NH). ¢ H., PO), + 53 80; > 
2- 
106 co, + 16 NH., + H., PO), + 53 S 
+ 106 Hv. 


Therefore, sediment biological meta- 
bolism results in formation of am- 
monia and phosphate which potentially 
can be regenerated. Numerous studies 
have shown that bacterial metabolism 
is the largest component of the total 
metabolism of benthic communities 
(Teal and Kanwisher 1961; Pamatmat 


1968; Smith 1973; Edwards 1977), and 
since almost all of the metabolized 
detrital organic material is origi- 
nally broken down by microbial de- 
composers; in most cases it is rea- 
sonable to 


consider the microbial 


component as being most important to 
mineralization. However, other com- 
ponents of the community such as pro- 
tozoa (Johannes 1965) or meiofauna 
(Tenore et al. 1977; Tietjen 1980) 
can directly or indirectly affect 
mineralization rates. Overall, the 
rate of mineralization theoretically 
and empirically should be closely 
correlated with total community cata- 
bolic metabolism; or more’ simply 
said, the greater the rate of sedi- 
ment biological activity, the greater 
the rate of mineralization. 


In addition to total metabolic 
rate, other factors, such as the phy- 
siological state of the community, 
are also important to the minerali- 
zation rate. For example, a steady- 
state community in which biomass is 
neither increasing nor decreasing 
will mineralize nutrients in close 
relationship to its total metabolic 
rate. On the other hand, a rapidly 
growing population, like a micro- 
bial population in logarithmic growth 
phase, may incorporate much of the 
nutrients in the mineralized material 
into protoplasm; and thus, despite 
its high metabolism, could have a 
low mineralization rate or could even 
function as a nutrient sink by as- 
similating inorganic nutrients (Thay- 
er 1974). Also, the relative pro- 
portion of the types of metabolic 
pathways may be important in deter- 
mining the rate of mineralization re- 
lative to total metabolism. For ex- 
ample, in marine sediments sulfate 
reduction can account for over half 
of the total sediment’ metabolism 
(Jorgensen 1977). However, sulfate 
reducing bacteria can only use a lim- 
ited number of low molecular weight 
compounds as energy sources, pri- 
marily lactic acid and pyruvic acid 
which they oxidize to acetate (Gold- 
haber and Kaplan 1974). Therefore, 


sulfate reduction itself should not 
yield mineralized N or P, although 
it may greatly affect mobilization 
and release as discussed below. 


EFFECTS OF SALINITY TRANS! TION 
ON MINERALIZATION RATES 


There are a number of ways by 
which salinity transition can affect 
N and P mineralization rates. For 
those portions of an estuary that 
seasonally experience transition from 
limnetic ( 0.5 ppt) (Symposium on the 
Classification of Brackish Waters 
1958) to estuarine conditions, the 
question is whether metabolism and 
therefore mineralization are compa- 
rable under both conditions. Har- 
grave (1969) offered empirical evi- 
dence that the respiration of marine 
and freshwater benthic communities is 
similar relative to temperature, 
which he hypothesized to be the con- 
trolling variable by its affect on 
the rate of diffusion of oxygen into 
sediments. With the exception of 
one study (Hanes and White 1968), 
which found that respiration of ben- 
thal deposits increased with increas- 
ing salinity during short-term incu- 
bations, there have been no experi- 
mental studies of the effect of sali- 
nity on benthic metabolism. 


Even if acclimated freshwater 
and brackish-water sediments can have 
relatively equal metabolic and min- 
eralization rates, these rates may 
be significantly changed during per- 
iods of salinity transition. One re- 


sult of transition may be faunal suc- 
cession in which better adapted spe- 
cies, or strains in the case of bac- 
teria (Ochynski and Postgate 1963), 
replace 


existing fauna. However, 


the succession may be incomplete, in 
that replacement may not occur rapid- 
ly enough to maintain the previous 
rates of community metabolism and 
mineralization. On the other hand, 
the main effect of transition may be 
the imposition of stress (Odum 1971) 
or equivalently incomplete acclima- 
tion (Prosser 1973) on a euryhaline 
fauna. The effect of salinity stress 
on an estuarine organism may be to 
either increase or decrease metabo- 
lism (Vernberg and Vernberg 1972), 
and thus incomplete acclimation may 
result in either increased or de- 
creased mineralization rates. There- 
fore, salinity transition may result 
simultaneously in incomplete’ suc- 
cession, which tends to decrease min- 
eralization rates, and incomplete ac- 
climation, which may either decrease 
or increase them, with the net com- 
munity response being a function of 
the relative magnitude and direction 
of these two factors. Due to this 
complexity and given the present lim- 
ited scientific knowledge, no gen- 
eralizations can be made except to 
say that estuarine salinity transi- 
tion can have significant effects on 
sediment biological activity and 
therefore on mineralization rates. 
Further research is needed before the 
direction and magnitude of these ef- 
fects can be predicted. 


SEDIMENT NUTRIENT RELEASE 
AND MOBILIZATION PROCESSES 


In order for mineralized nu- 
trients to be regenerated, they must 
be liberated from the sediments. The 
category of processes by which this 
transfer occurs can be called release 
processes. 


RELEASE BY MOLECULAR DIFFUSION 


The principal mode by which nu- 
trients are released from sediments 
is molecular diffusion. The diffus- 
ional flux of a nutrient species be- 
tween sediment and overlying water 
follows Fick's first law of diffu- 
sion: 


_ ely = 
J D9 oe] * 0 


where J. = the diffusional flux in 
mass/area of sediment/time, D_ = the 
empirical whole sediment diffusional 
coefficient, § = the porosity of the 
sediment, C = the concentration of 
the nutrient in mass per unit volume 
of porewater, x = the unidimensional 
depth coordinate (Berner 1971). 


MOBILIZATION OF SORBED NUTRIENTS 


Mobilization processes can be 
defined as_ those’ transformations 
which facilitate release processes 
and/or make them possible. Because 
diffusion and most other release pro- 
cesses involve transfer of the dis- 
solved constituents of sediment pore- 
water, the most important mobiliza- 
tion processes are those which trans- 
form inorganic nutrients into dis- 
solved forms. Sediment inorganic 
nutrients that are not dissolved are 
either sorbed to sediment particles 
Or precipitated. In most cases, dis- 
solution of precipitated minerals 
does not play a major role in nu- 
trient release (Williams 1972) and 
therefore wiil not be discussed 
further. In contrast, sorbtive pro- 
cesses play a very important role 
in nutrient regeneration (for de- 
tails see Berner 1974 and _ 1977), 


and for that reason mineralized nu- 
trients are not directly and pas- 
sively released through diffusional 
flux directly in proportion to their 
rate of production by mineralization 
processes. Therefore, the most im- 
portant mobilization processes are 
those which affect nutrient sorption. 


According to Carritt and Good- 
gal (1954) sorption can be defined as 
any reaction between a solid and a 
dissolved substance, while adsorption 
is a free energy decreasing accumu- 
lation on a solid surface, of an en- 
vironmental constituent at a greater 
concentration than exists at a dis- 
tance from the surface. Rosenfeld 
(1979) found that K, the ratio of 
adsorbed ammonia to dissolved pore- 
water ammonia, in marine sediments 
was between one and two, which is to 
say that on a per unit of sediment 
basis up to twice as much ammonia 
is adsorbed to solids as is dis- 
solved in pore water. The K _ for 
phosphate in anoxic marine sediments 
has been shown by Krom and Berner 
(1980) to be similar to that for 
ammonia, but they also found that in 
oxic sediments K, was more than an 
order of magnitude greater. 


EFFECTS OF SALINITY ON ADSORPTION 


The sorptive capacity of sedi- 
ments can be affected by salinity. 
Carritt and Goodgal (1954) and Stir- 
ling and Wormald (1977) found that 
salinity had a pronounced effect on 
estuarine sediments' sorptive capa- 
city for phosphorus. In both studies 
sorption decreased with increasing 
salinity, and although the mecha- 
nism has not been clearly demon- 
strated, it probably is due to a 


combination of fine particle ag- 
glomeration with increasing sali- 
nity and resultant’ reduction of 


available for P ad- 
competition yr ad- 
sorption sites between PO and 
Other anions that increase in con- 
centration with increasing salinity 
(Carritt and Goodgal 1954). 


surface area 
sorption, and 


EFFECTS OF pH ON ADSORPTION 


In addition to the direct ef- 
fects of salinity, nutrient adsorp- 
tion can be influenced by pH which 
in turn can be affected by salinity. 
Although pH may have some effect on 
sediment ammonia adsorption(Kamp- 
Nielsen 1974), it is phosphate that 
is most strongly affected. Results 
of studies by Carritt and Goodgal 
(1954), Jitts (1959) and Stirling 
and Wormald (1977), using suspended 
estuarine sediments from Chesapeake 
Bay, Australia, and Nong Kong were 
remarkably similar, showing decreases 
in adsorption at pH less than about 3 
Or greater than about 6. Kamp-Niel- 
sen (1974) found that the highest 
rate of P release from anaerobic lake 
sediments occurred at pH 6.5 to 7.0. 
Even small pH changes have been shown 
to substantially affect P adsorption 
(Nur and Bates 1979). The mechanism 
by which pH varies the P-binding 
capacity of oxgenated sediments in- 
volves decreased binding at higher 
pH due to competition by hydrox] ions 
with phosphate ions for binding sites 
on the iron (III)-hydroxide complex 
(Lyklema 1977) which is the principal 
P-adsorbing component in many oxic 
sediments. 


There are two major ways in 
which salinity transition can result 
in pH changes which in turn can af- 
fect adsorption. First, dilution of 
seawater by fresh water decreases 
ration, reducing 
ind thus permit- 

to occur in the 
Second, salinity 


bicarbonate co. 
buffering cap 
ting wider pH 
overlying wat 


transition can result in changes in 
the types and relative importance of 
sediment metabolic pathways. For ex- 
ample, Ben-Yaakov (1973) presented 
theoretical evidence that the pH of 
po: 2water in anoxic marine sediments 
is buffered to fall within the range 
of 6.9 to 8.3, depending upon the 
fate of sulfide produced during sul- 
fate reduction. However, in oligo- 
haline estuarine sediments’ sulfate 
reduction may be limited by sulfide 
concentration; and therefore other 
processes, such as anaerobic micro- 
bial fermentation in which organic 
acid formation and _ methanogenesis 
predominate organic decomposition 
may cause a different pH regime. 


EFFECTS OF OXIDATION-REDUCTION 
POTENTIAL 


Oxidation-reduction or redox po- 
tential is another parameter which 
is very important in _ controlling 
sediment nutrient flux. Oxidation- 
reduction potential can be defined as 
a quantitative measure of electron 
escaping or oxidation tendency of a 
reversible oxidation-reduction sys- 
tem, or equivalently as a measure of 
how reducing or oxidizing a system is 
with reference to some standard (Zo- 
bell 1946). Redox potential is con- 
trolled to a large degree by biologi- 
cal activities in the sediment (Mor- 
ris and Stumm 1967). For example, 
Berner (1963) showed that in anoxic 
marine sediments redox potentials are 
controlled by the concentration of 
sulfide that is formed by anaerobic 
bacterial sulfate reduction. 


The present concept of  phos- 
phorus regeneration is based on Mor- 
timer's (1941 and 1942) studies in 
which he showed that nutrients, es- 
pecially P, were liberated from lake 
sediments when redox potentials were 


lowered due to oxygen depletion of 
the hypolimnion during seasonal 
thermal stratification. Elucidation 
of the mechanism controlling sedi- 
ment P release under low redox con- 
ditions began with early observa- 
tions of the intimate relationship 
between phosphorus and iron (Ohle 


1937, Einsele 1938) and has_ been 
thought to involve’ reduction and 
solubilization of ferric compounds 


to which phosphate is sorbed or by 
which it is precipitated (Mortimer 
1941 and 1942, Hutchinson 1957, 
Khalid et al. 1978). Recent evidence 
indicates that formation of discrete 
phases of iron phosphate is of little 
Significance and thus that sorptive 
processes predominate (Syers et al. 
1973), with most inorganic P asso- 
ciated with amorphous Fe oxides or 
hydroxides (Williams et al. 1971, 
Shukla et al. 1971). There have been 
many recent studies confirming Morti- 
mer's (1941 and 1942) observations of 
the importance of sediment redox po- 
tential to P release (Schipple et al. 
1973, Patrick and Khalid 1974, Lee et 
al. 1977, Khalid et al. 1978), and as 
previously mentioned, Taft and Tay- 
lor (1976) have suggested that summer 
dissolved P increases in Chesapeake 
Bay are the result of redox mediated 
sediment P flux occurring when deeper 
bay waters become oxygen depleted. 


The classic limnological para- 
digm of sediment P release (Mortimer 
1941, 1942, and 1971) is that a 
superficial, oxidized sediment micro- 
zone can act as almost a total bar- 
rier to P flux, with practically no 
P flux occurring under oxic condi- 
tions. In addition, although a 
mechanism was not proposed, it has 
been suggested that oxidized sedi- 


ments may present a similar barrier to 
the diffusion of interstitial ammonia 
to overlying water 
1973). 


(Graetz et al. 


However, recent studies of lake sedi- 
ments (Lee et al. 1977) and marine 
sediments (Hale 1975, Hartwig 1976) 
have shown that anoxic conditioner 
only serve to accelerate release, 
since substantial fluxes of N and P 
were measured under oxic conditions. 
This may be because a thin, super- 
ficial layer of oxidized sediment 
can be a barrier only to the extent 
to which it contains enough ferric 
hydroxide and other sorbing complexes 
to effectively sorb all of the bio- 
logically mineralized nutrients dif- 
fusing from deeper anoxic layers. In 
sediments with low Fe content and 
high mineralization rates, the mere 
existence of a superficial oxidized 
layer may not be sufficient to pre- 
sent a barrier to P release; the 
actual thickness and thus total sorp- 
tive capacity of the oxidized zone 
may control the rate of P flux to the 
overlying water. However, if the 
oxidized zone exists for a long pe- 
riod of time, ferrous ions can dif- 
fuse to it, and be oxidized and ac- 
cumulate (Berner 1969). 


There are several ways in which 
salinity transition can affect sedi- 
ment oxidation-reduction potentials 
and thus affect nutrient release. 
Any transition-caused changes in the 
magnitude of total sediment metabo- 
lism can potentially affect redox 
conditions due to the aforementioned 
relationship between biological 
activity and redox potential. It is 
likely that in oligohaline portions 
of estuaries, transition can have a 
direct effect on sediment redox po- 
tentials by limiting the rate of sul- 
fate reduction in anaerobic’ sedi- 
ments, which in turn controls sedi- 
ment sulfide concentration and thus 
redox potential (Berner 1969). Al- 
though the sulfate reduction rate in 
sediments is limited by sulfate con- 
centration only at low concentrations 
and perhaps not until sulfate is less 


than 1.2 micromole (mM)/liter (Berner 
1974), which is 4% of the 28 mM/liter 
concentration found in undiluted sea- 
water, analyses based on kinetic dif- 
fusion models (Berner 1974, Kleiber 
and Blackburn 1978) and estimates of 
sulfate reduction rates (Jorgensen 
1977) predict that porewater sulfate 
ould reach limiting concentrations 
even when the overlying water sulfate 
concentration is much greater than 
1.2mM/liter. 


In summary, the major effect of 
salinity transition, for the case of 
increasing salinity in oligohaline 
environments, is to increase the rate 
of sulfate reduction which then in- 
creases dissolved sulfide concentra- 
tion which in turn reduces the sedi- 
ment redox potential. The decrease 
in redox conditions would then elimi- 
nate or diminish the superficial ox- 
idized layer, mobilizing nutrients, 
particularly P, which previously 
were sorbed within the oxidized lay- 
er, and thus permit diffusive flux to 
the overlying water. The case of 
transition to lower salinity would be 
expected to cause a reversal of these 
processes, although, as discussed be- 
low, porewater sulfate concentration 
would not change as rapidly. 


A final mechanism by which sa- 
linity transition could influence 
redox potentials is by affecting the 
structure of the existing infaunal 
community which through bioturbation 
can maintain oxidized sediment con- 
ditions (Edwards 1958, Hargrave 
1972). 


OTHER RELEASE PROCESSES 


In all of the above discussion, 
mobilized nutrients have been as- 


sumed to be released via diffusion. 
However, there are several other phy- 
sical release processes which may af- 
fect nutrient flux rates in estua- 
ries. A process that may be very im- 
portant in estuarine environments 
that undergo large salinity transi- 
tions is convective, density-gradient 
driven overturn of sediment porewater 
(Scholl 1965, Scholl and Johnson 
1967; Lindberg and Harriss 1973). 
During periods of higher salinity in- 
cursions, high-density overlying wa- 
ter displaces less dense (lower sa- 
linity) porewater and thus may ef- 
fectively pump nutrient-rich porewa- 
ter out of the sediment. Such con- 
vective overturn can be rapid rela- 
tive to the much slower process of 
diffusion (R.E. Edwards unpublished 
data). Therefore, the effects of 
transition to higher salinity should 
occur more rapidly and should be more 
acute than those of transition to 
lower salinity. Another’ nondif- 
fusional mechanism of nutrient re- 
lease is bioturbation by infauna such 
as Chironomus larvae, oligochaetes, 
polychaetes, and bivalve mollusks, 
which can affect both oxygen and nu- 
trient fluxes (Edwards 1958, Hargrave 
1972, Aller and Yingst 1978) by pump- 
ing associated with burrow or tube 
irrigation and with feeding. As men- 
tioned above, salinity transition may 
result in changes in benthic infaunal 
community composition and thus in the 
magnitude of bioturbation effects. 
Finally, in low salinity areas sul- 
fate reduction may be sufficiently 
limited to allow methane formation to 
predominate or occur in deeper sedi- 
ments (Reeburgh and Heggie 1977), and 
CH, bubble formation and ebullition 
can occur and can greatly increase 
nutrient fluxes (Martens et al. 
1980). Thus the aforementioned ef- 
fects of salinity transition on the 
relative versus that of methanogene- 
sis will also influence the rate of 
nutrient release by this mechanism. 


SUMMARY AND CONCLUSIONS 


Any variation in freshwater in- 
flow to an estuary will to some ex- 
tent result in spatial and temporal 
salinity transitions. Such transi- 
tions are among the characteristics 
unique to estuaries and can have pro- 
found effects on the functioning of 
benthic communities. Although there 
has been little direct research spe- 
cifically on the effects of salinity 
transition on estuarine community 
functioning, the present understand- 
ing of the processes and mechanisms 
which control functioning in marine 
and freshwater sediment systems can 
be used to deduce the responses of 
estuarine benthos to salinity transi- 
tion. Sediment jutrient regenera- 
tion is one of the aspects of com- 
munity functioning that can be de- 
duced to be significantly influenced 
by transition, based on direct evi- 
dence of the importance of benthic 
nutrient regeneration (particularly 
N and P) to the nutrient cycles of 
freshwater and marine ecosystems, 
and on preliminary observations in 
estuaries. Given the essential role 
of nutrient cycles in determing es- 


tuarine structure and functioning, 
it is imperative that any appraisal 
of the consequences of changes in 


freshwater inflow to an estuary in- 
clude consideration of the effects 
on benthic nutrient regeneration. 


Sediment nutrient regeneration 
can be divided into three categories 
of processes: (1) mineralization pro- 
cesses that transform nutrients con- 
tained in sedimented org .nic matter 
into dissolved inorganic forms that 
can be liberated; (2) mobilization 
processes that facilitate or make 
nutrient release possible and ; (3) 
release processes by which the phy- 
sical liberation occurs. All of 
these processes can be significantly 
affected by salinity transition. 
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Mineralization occurs primarily 
through biological processes, and 
therefore almost any effect of sali- 
nity transition on the biology of 
the benthic community can have rami- 
fications that influence mineraliza- 
tion rates. Mobilization is partic- 
ularly significant because of the im- 
portance of sediment sorptive pro- 
cesses which can effectively immobi- 
lize nutrients by removing them from 
solution in porewater and thus make 
them unavailable to release pro- 
cesses. Salinity transition can in- 
fluence mobilization either directly 
through physical/chemical mechanisms, 
or indirectly through its effects on 
biological functioning which in turn 
affect the physical/chemical para- 
meters. The predominant nutrient re- 
lease process is molecular diffusion. 
For the most part, salinity can only 
affect diffusional flux indirectly 
through its effects on mineraliza- 
tion and mobilization which control 
the porewater nutrient concentrations 
of which diffusional flux is a direct 
function. However, other’ release 
processes such as convective over- 
turn, bioturbation and ebullition are 
greatly influenced by salinity tran- 
sition. 


Overall, estuarine sediment nu- 
trient regeneration depends on an in- 
terrelationship between biological 
and physical/chemical processes, 
which due to its complexity makes 
generalization or prediction concern- 
ing the effects of salinity transi- 
tion very difficult. Based on the 


scientific evidence available, only 
the following generalizations seem 
obvious: (1) The effects of salinity 


transition should be a _ function of 
both the absolute value of the sali- 
nity change and the rate at which 
change occurs, with greater effects 
from larger and more acute changes. 


(2) Due to the rapidity of convec- 
tive overturn relative to the much 
slower process of diffusion, transi- 
tion to increased salinity should 
cause changes in system functioning 
to occur more rapidly and therefore 
should result in more _ immediate 
changes in nutrient regeneration. (3) 
Salinity transition should have the 
greatest functional impact when it 
occurs in the oligohaline (0.5 to 
5.0 ppt) portion of an estuary. Due 
to the numerous fundamental biologi- 
cal and geochemical differences be- 
tween freshwater and marine systems, 
oligohaline benthic environments 
shculd be particularly sensitive to 
salinity changes that can make their 
stcucture and functioning more like 
that of either marine or freshwater 
systems. 


Before additional generaliza- 
tion or prediction can be made, fur- 
ther research on the effects of sali- 
nity transition on benthic communi- 
ties is needed, particularly the fol- 
lowing: (1) Almost any research elu- 
cidating the effects of salinity 
transition on biological functioning 
would be useful. Further quantifica- 
tion of the role of sulfate reduction 
in oligohaline transitional environ- 
ments would be especially valuable. 
(2) Additional research on geochemi- 
cal pathways and transformation pro- 
cesses is sorely needed, particularly 
concerning the role of iron, clay 
minerals, and organics in sorptive 
reactions and on the effects of re- 
dox potential on these sorptive pro- 
cesses. (3) Generalization and pre- 
diction of the responses of estuarine 
benthic systems to salinity transi- 
tion can be reached most immediately 
and directly through an empirical ap- 
proach utilizing field studies that 
monitor transitional changes in para- 
meters such as_ benthic community 
structure; benthic community metabo- 
lism, as estimated from in situ mea- 
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Surements of oxygen consumption and 
sulfate reduction rates; quantitative 
fractionization of the different 
forms of sediment N and P; and sedi- 
ment N and P fluxes, as det2rmined 
directly by in situ measurement. 
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MONITORING FRESHWATER INFLOW TO ESTUARIES BY REMOTE SENSING 
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ABSTRACT 


Experiments conducted in the 
United States coastal zone indicate 
that features such as plumes from 
freshwater inflow have distinctive 
spectral characteristics. These spec- 
tral characteristics have been cor- 
related with concentrations and/or 
distributions of temperature, sali- 
nity, suspended solids, and chloro- 
phyll a in plumes and surrounding 
estuarine water. Remotely sensed 
wide area synoptic coverage of sur- 
face estuarine features provides a 
perspective on spatial and temporal 
distributions that is not readily 


available by shipboard measurements. 


Data outputs from remote sensors, to 
date, include (1) high resolution 
measurements to determine concentra- 
tions and distributions of total sus- 
pended’ particulates, temperature, 
salinity, and chlorophyll a from air- 
borne and/or satellite platforms; and 
(2) low resolution measurements of 
total suspended solids, temperature, 
and possibly chlorophyll from satel- 
lite platforms. Archived data (such 
as from Landsat) may be used for 
historical studies of river plumes 
and other estuarine features. Exan- 
ples are presented in which remotely 
sensed optical and microwave spectral 
range data, with and without concur- 
rent surface measurements, are used 
to study spatial and temporal charac- 
teristics of plumes. In general, 
qualitative assessments may be made 
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without concurrent surface measure- 
ments based on differences of water 
color, temperature, and _ salinity 
within the plume or between the plume 
and the receiving water. Quantita- 
tive distribution of suspended sol- 
ids, temperature, salinity, and 
chlorophyll a require concurrent sur- 
face measurements to calibrate the 
remotely sensed data. 


INTRODUCTION 


Experiments conducted in United 
States coastal zones indicate that 
certain pollution and oceanographic 
features have distinctive spectral 
characteristics. Remotely sensed 
wide area synoptic coverage provides 
information on these features that is 
not readily available by other means. 
Data outputs from sensors may be ana- 
lyzed and interpreted to provide in- 
formation of interest to oceanogra- 
phers and environmental managers. 
This information includes (1) synop- 
tic high resolution surface measure- 
ments of particulates, salinity, 
temperature, chlorophyll a, and pos- 
sibly phytoplankton diversity from 


airborne multispectral (optical 
range), passive microwave and active 
laser systems and (2) repetitive 


ocean surface data from environmental 
and meteorological satellites (Land- 
sat, AEM-A, NIMBUS 7, TIROS, etc.). 
Airborne aand_ satellite (Landsat) 


based sensors appear to provide ade- 
quate spatial resolution to meet the 
needs of estuarine experiments (John- 
son and Harriss 1980), while the low 
resolution of the present oceanogra- 
phic and meteorological satellites 
limits their application in these 
nearshore areas (McClain 1977). 
Characteristics of airborne and sat- 
ellite remote-sensing systems are 
summarized in Tables 1 and 2, re- 
spectively. 


Various investigators have ap- 
plied classification or regression 
techniques to calibrate _ satellite 
(Landsat) and aircraft multispectral 
scanner data and to map distributions 
of water quality parameters in inland 
and coastal zone systems (Williamson 
and Grabau 1973, Yarger et al. 1973, 
Klemas et al. 1974, Bowker et al. 
1975, Rogers et al. 1975, Johnson 
1978, and Johnson and Bahn 1977). 
Subsequently, experiments were con- 
ducted in the United States coastal 
zone to determine the applicability 
of aircraft and satellite remote- 
sensing systems (1) to locate, iden- 
tify, and map features without the 
requirement for concurrent sea-truth 
measurements and (2) to evaluate pre- 
viously developed analysis techniques 
for determining quantitative distri- 
butions of specific parameters. As 2 
part of (1) above, multispectral- 
analysis techniques were developed 
that may be used to identify features 
at a variety of locations and to as- 


sess the effects of environmental 
conditions (e.g., sun brightness and 
elevation, atmospheric haze, and 


background) on the analysis and in- 
terpretation of remotely sensed data 
(Johnson 1977). 


Remote sensing in the microwave 


spectral range from airborne plat- 
forms has been reviewed by Swift 
(1980). Experiments using L and § 


band (1.43 and 2.65 GHz) radiometers 
have been conducted by the National 
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Aeronautics and Space Administra- 
tion's (NASA) Langley Research center 
to determine distributions of salin- 
ity and temperature. These measure- 
ments, which are based on "microwave 
brightness" radiation measurements, 
may be made over a wide range of en- 
vironmental conditions (e.g., cloudy 
and hazy days, or at night), thus in- 
creasing the opportunity for moni- 
toring the coastal zone. 


Evaluations of active systems 
include the Airborne Lidar Oceano- 
graphic Probing Experiment (ALOPE) 
(Brown et al. 1978) which measures 
the induced fluorescence’ resulting 
from sequential excitation by lasers 
in four optical range spectral bands 
to estimate total chlorophyll a con- 
centrations and chlorophyll distribu- 
tion among four phytoplankton color 
groups (green, golden brown, red, and 
blue-green) thereby providing a mea- 
sure of phytoplankton diversity. Fol- 
lowing successful laboratory evalua- 
tion, this instrument is in the early 
stages of a field evaluation program. 
As an active system, the ALOPE is not 
limited to daylight or clear weather 
operation, as in the case of passive 
optical systems which depend on re- 
flected radiation. Concurrent sur- 
face measurements of water attenua- 
tion coefficients are required for 
instrument calibration. 


Investigations by Bowker and 
Witte (1977), using Landsat data, in- 
dicate similar analysis techniques 


are applicable to digital data from 
aircraft and satellite systems. In 
the spacecraft data, features with 
high radiance contrast such as river 
discharges and ocean disposal plumes 
are readily discernible. Repetitive 
Landsat data have been analyzed by 
Klemas et al. (1974) to study coastal 
water turbidity and circulation pat- 
terns in the vicinity of the Delaware 
Bay. 


Table 1. Aircraft platforms, sensors, and oceanographic parameters. 


Aircraft and Sensor Characteristics Oceanographic Parameter, Range (accuracy) 
Fixed wing Altitude, Spatial 
Aircraft km Spectral Resolution Swath Suspended Chlorophyll a Temperature Salinity 
(Typical) (Typical) Sensor Range (at Nadir) m Width, km JSolids, mg/% Conc., mg /m3 Diversity Degrees C ppt 
U-2 19.7 ocs VIS, NIR 75 25 >5 (+5) >2 (+e) - - - 
Cameras VIS, NIR 10 25 Qual. Qual - - - 
C-130 3.0 M2S VIS, NIR 8 8.5 >5 (+5) >2 (+2) ~- 7 ~ 
TiR 8 8.5 ~ - - 0-35 (+2) ~ 
Cameras VIS, NIR 0.5 4.5 Qual. Qual. - - ~ 
P-3 1.4 MWR MW 500 500m - - - 0-35 (+1) >5 (+1) 
(Line) 
P-3 0.15  ALOPE VIS 1 Tm - >2 (2) Yes - - 
(Line) 
VIS = Visible; 0.3 - 0.7 um (Typical) 
NIR - Near IR; 0.7 - 1.1 um (Typical) 
TIR - Thermal IR: 10.5 - 12.5 um (Typical) 
MW - L and S bands 


No identified capability 


Table 2. Satellite platforms, sensors, and oceanographic parameters. 


Satellite and Sensor Characteristics Oceanographic Parameter, Range (accuracy) 
Spatial 
Coverage Spectral Resolution Swath Suspended Chlorophyll a Temperature Salinity 
Satellite Frequency Sensor Range (at Nadir), m Width, km] Solids, mg/% Conc., mg/m3 Diversity Degrees K ppt 
Landsat 18 Day MSS VIS, 70 185 >5 (+5) "Bloom"(>10) - - - 
(9 Day for 2) TIR (#) 2h0 185 - - - 260-340(+1.5) - 
AEM-A 5 Day §_ HCMR VIS, NIR 500 700 Yes (**) - - - - 
TIR 500 700 ~ - - Yes (*#) - 
Nimbus-7 6 Day CZCS VIS, NIR 800 1200 Yes (*#) Yes (##) - - - 
TIR 800 1200 - - - Yes (**) - 
SMS /GOES 30 min VISSR vIS 1000 3500 Qual. - - - ~ 
TIR 8000 3500 - - - 180-315(+2) - 
TIROS-N 0.5 Day AVHRR VIS, NIR 1000 2800 Qual. ~ - ~ - 
TIR 1000 2800 - - - 180-315(+1) - 
VIS - Visible; 0.3 - 0.7 ym (Typical) 
NIR - Near IR: 0.7 - 1.1 um (Typical) 
TIR - Thermal IR; 10.5 - 12.5 um (Typical) 
# Landsat C only; one of two detectors operational 


aad Recent Launch, data being evaluated 


- No identified capability 


RO 


It is the purpose of this paper 
to review results from investigations 
that utilized remote sensing to lo- 
cate features and/or measure para- 
meter gradients in the coastal zone. 
Data collection, format, and compu- 
terized analysis techniques that use 
digital data from generally available 
instruments such as_ multispectral 
scanners (on aircraft and satellite 
platforms) will be discussed from a 
user's viewpoint. Much of this in- 
formation also will be applicable to 
instruments under development such as 
passive microwave and active laser 
sensors. 


EXPERIMENTS 


Over the last several years, a 
number of experiments have been con- 
ducted in the United States coastal 
zone. Selected experimer ; and re- 
sults will be described to illustrate 
remote sensing and surface data col- 
lection, data handling, analysis 
techniques, and products. 


Remotely sensed data have been 
collected in conjunction with surface 
measurements over environmentally 
different areas of the coastal zone 
to study synoptic and temporal dis- 
tributions of water quality para- 
meters and to assess the applicabi- 
lity of remote sensors for monitor- 
ing the location and dispersion of 
river plumes. In this paper, empha- 
sis will be placed on experiments 
that determined quantitative distri- 
butions of parameters usually asso- 
ciated with freshwater discharges 
(e.g., suspended solids, chlorophyll 
a, Salinity, and thermal). 
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SYNOPTIC HIGH RESOLUTION OPTICAL 
RANGE AIRBORNE MEASUREMENTS 


On June 23, 1977, the National 
Aeronautics and Space Administration 
(NASA) and the National Oceanic and 
Atmospheric Administration (NOAA) 
conducted a coordinated experiment to 
study synoptic thermal and oceano- 
graphic parameter distributions in 
the New York Bight Apex. Two unique 
aspects of this experiment were (1) 
concurrent surface water measurements 
made from a moving oceanographic re- 
search ship used to calibrate and in- 
terpret remotely sensed data collect- 
ed from an aircraft platform, and (2) 
verbal communications used during the 
experiment to coordinate remotely 
sensed and surface measurements. 


During the experiment, data were 
collected in the New Jersey nearshore 
waters from about Latitude 40°39' N 
on the north to Latitude 40°23' N on 
the south (Figure 1). One of the 
features monitored was the Hudson- 
Lower Bay estuarine plume which ema- 
nates from Sandy Hook Bay and flows 
southeast down the New Jersey shore 
(Johnson et al. 1980). The experi- 
mental locations were along’ ship 
tracks 1 and 2 and aircraft flight 
lines AC-1, AC-4, AC-5, and AC-7 
(Figure 1). Remotely sensed data 
collections were made for a_ swath 
width of about 8,500 meters, centered 
on the above flight lines. Remotely 
sensed data were collected by a Mod- 
ular Multispectral Scanner (M2S) and 
a Zeiss mapping camera onboard a NASA 
Johnson Space Center (JSC) C-130 air- 
craft from a nominal altitude of 3.0 
kilometers (km) (10,000 Feet). The 
M2S has 11 bands in the visible, near 
infrared (IR), and thermal spectral 
ranges. Bandwidths and wavelengths 
of the remote sensors are shown in 
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Figure 1. Ship track and selected aircraft flight lines during NASA/NOAA 
experiment in the New York Bight Apex on 23 June 1977. 
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Table 3, along with spatial cov- 
erage information at the flight al- 
titude. Data collections were ac- 
complished by multiple over-flights 
over the moving ship as it steamed 
along a track approximately south- 
southeast along the New Jersey shore, 
Figure 1. Data flights at about 20- 
minute intervals were planned so that 
overlapping remotely sensed _ data 
could be used to synoptically map 
features in the experimental area. 
Surface measurements made from the 
NOAA research ship Albatross IV were 
continuously recorded to determine 
chlorophyll a and suspended matter 
concentrations at the sampling depth 
of about 2 meters using a Turner flu- 
rometer and turbidometer, respective- 


ly. 


Representative radiance values 
in the remotely sensed scene were 
used for qualitative analysis (e.g., 
for temperature distributions where 
no corresponding surface measurements 
were made) and quantitative analyses 
(e.g., using concurrent surface mea- 
surements). These radiances were de- 
termined by averaging over a 10 by 
10 pixel field, then multiplied by 
instrument calibration values to de- 
termine sea surface temperature or 
radiances. 


Photographic products (from the 
Zeiss mapping camera) and M2S thermal 
band (Band 11) radiances were used to 
locate features of primary interest 
in the remotely sensed scene. Eval- 
uation of thermal data collected and 
instrument calibration indicated that 
sea surface temperature difference of 
0.25°C could be detected. Compari- 
son of the remotely sensed thermal 
distributions with the color aerial 
photography indicated a cold mass of 
upwelled water in the Bight Apex with 
an overflowing warm water plume that 
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Originated in the Sandy Hook Bay and 
flowed southeast into the Bight wa- 
ters (Figure 2). 


Further comparisons of the ther- 
mal map, photography, optical spec- 
tral range data, and shipboard mea- 
Surements indicated a_ significant 
gradient where the research’ ship 
crossed the plume boundary at about 


0930 EDT. Concurrent data collec- 
tions were made by the aircraft 
(AC-7). This area indicated on the 


thermal mapping (Figure 2) was the 
focus of detailed quantitative anal- 
yses. 


Observations for the quantita- 
tive analyses were determined from 
the continuously recorded (on strip 
chart) surface measurements of chlo- 
rophyll a and suspended matter at 
corresponding geographic locations of 
remotely sensed radiances. Multiple 
regression analyses were used to re- 
late surface measurements of chlo- 
rophyll a and suspended matter (mea- 
sured as turbidity) to normalized 
radiance measurements in the visible 
and near infrared (IR) spectral 
range (bands 1-10) of the M2S. 


Regression equations for. con- 
centrations of chlorophyll a and sus- 
pended matter were: 


Chlorophyll a mg/m” = 94.49 + 


1419.6 Zz, - 1499.5 zy, 


Suspended matter, mg/l = 33.19 - 


166.65 a 
where z. are normalized radiance dif- 
ferences for the M2S bands. Correla- 
tion coefficients between surface and 
remotely sensed measurements’ were 
0.936 and 0.965 for chlorophyll a and 
suspended matter, respectively. 


Table 3. Spectral and spatial characteristics of airborne remote sensors used 
on 23 June 1977 from an altitude of 3km. 


I MODULAR MULTISPECTRAL SCANNER (M2S) 


BAND BANDWIDTH 
1 380-440 nm 
2 440-490 nm 
3 495-535 nm 

4 540-580 nm 

5 580-620 nm 

6 620-660 nm 

7 660-700 nm 

8 700-740 nm 

9 760-860 nm 

10 970-1060 nm 

11 8000-13,000 nm 
SCAN WIDTH m 8500 
RESOLUTION m 9 


II ZEISS MAPPING CAMERA 


SPECTRAL RANGE FILM RESOLUTION, m FOOTPRINT, m 


No. l 400-700 nm Color 0.4 4550 x 4550 
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Figure 2. Thermal distributions from aircraft measurements of sea surface temperature (°C) in a 


selected part of the experiment area (ship track from about 0847 to 0940 EDT) on 23 June 1977. 
Measurements from the aircraft flight lines are labeled AC-1, AC-4, AC-5, and AC-7. 


Comparison of the remotely sensed 
and measured values of chlorophyll a 
concentrations are shown on Figure 3. 
Distributions are approximately ran- 
dom above the fitted line, indicating 
the linear model is adequate for this 
set of data. Suspended matter analy- 
ses indicate similar characteristics. 
A correlation coefficient of 0.719 
indicates relatively low covariance 
between concentrations of chlorophyll 
a and suspended matter (See Johnson 
1978 for a discussion of covariance 
between parameters for other experi- 
ments). 


Thermal variations (from air- 
craft calibrated data) and concen- 
trations of chorophyll a and sus- 


pended matter (determined from the 
appropriate regression equations) are 
shown in Figure 4 along with surface 
observations for the selected part of 
the ship track. The estimated ship 
location at the time of aircraft 
overflight (AC-7) is also shown. The 
plume is readily distinquished from 
the surrounding oceanic waters by the 
individual and/or combined measure- 
mers. 


Both temperature and suspended 
matter concentrations indicate small 
changes in the plume or surrounding 


oceanic water (e.g., from 0924 to 
0929 in the plume and 0931 to 0935 
in the oceanic water) while the 


chlorphyll a concentrations increase 
rapidly and somewhat erratically as 
the ship approaches the plume bound- 
ary (from 0924 to 0929). There are 
spikes in both chlorophyll a and sus- 
pended matter concentrations as the 
ship moves through the boundary (at 
about 0930) to the more uniform 
oceanic water. 


Comparison of the thermal and 
concentration gradients along’ the 
ship's track suggest several in- 
teresting possibilities. First, the 
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thermal distribution indicates rela- 
tively mild and uniform rates of mix- 
ing between the plume and oceanic wa- 
ter in the top meter of surface wa- 
ter; second, the erratic and rapid 
increase of chlorophyll a near the 
plume boundary and the _ spikes of 
chlorophyll a and suspended matter 
concentrations suggest small scale 
patchiness near the edge of _ the 
plume; third, on the oceanic water 
side of the plume there is a short 
mixing zone as evidenced by the gra- 
dual decrease beyond the spikes; and 
finally, the spatial displacement be- 
tween the remotely sensed and ship- 
board measurements in the plume 
boundary indicates a sloping inter- 
face with depth between the plume 
and adjacent oceanic waters. Similar 
characteristics at plume/front in- 
terfaces in the Delaware Bay have 
been identified and_ reported by 
Klemas and Polis (1977). 


Chlorophyll a distributions were 
determined using the regression equa- 
tion over a portion of the area shown 
in Figure 2, specifically for the 
area covered by AC-7. (As noted ear- 


lier, this was for the period when 
the ship moved across’ the plume 
boundary). This chlorophyll a dis- 


tribution is shown on Figure 5. As 
may be seen, the essential outline of 
the plume is indicated by chlorophyll 
a concentrations (Figure 5) as well 
as a thermal boundary (Figure 2) at 
the same location. Thus, the plume 
is characterized by having warm tem- 
peratures and high chlorophyll a 
concentrations. Outside of the 
plume, water had generally low chlor- 
ophyll a concentrations. However, we 
also may differentiate water outside 
the plume into two different tempera- 
ture regions (Figure 2) which have 
similar chlorophyll a concentrations. 
The cooler water may be related to 
local upwelling and the warmer water 
is part of the normal surface water. 
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PASSIVE MICROWAVE AIRBORNE 
MEASUREMENTS 


Experiments have been conducted 
in the Chesapeake Bay, using passive 
microwave measurements to determine 
temperature and salinity distribu- 
tions. A demonstration test flight 
in August 1976 of a microwave sys- 
tem, incorporating nadir viewing L 
and § band (1.43 and 2.65 GHz) radio- 
meters by Blume et al. (1978) indi- 
cated that surface temperature can be 
measured to within 1°C and salinity 
with a mean deviation of 1 ppt for 
salinity greater than 5 ppt. To ob- 
tain these accuracies, the radio- 
meters were calibrated before each 
flight and the radiometric data were 
corrected for extraterrestrial back- 
ground radiation, atmospheric ef- 
fects, sea surface roughness, and an- 
tenna beam efficiency. By flying a 
series of parallel east-west flight 
lines, a data grid was developed and 
used to plot surface isothermals 
(Figure 6) and isohalines (Figure 7) 
of the lower Chesapeake Bay and near- 
by ocean water. Comparison of these 
two figures and results from other 
experiments indicate the salinity 
map is more informative than _ the 
thermal map in the same areas. 


During February 1978, microwave 
radiometer experiments were flown on 
a NASA C-54 aircraft around the is- 
land of Puerto Rico to detect subma- 
rine freshwater springs (Kendall 
1980). Knowledge of the discharge 
characteristics and location of sub- 
marine freshwater spring outflows can 
enhance the determination of under- 
ground water sources for possible 
utilization as a freshwater supply. 
As the areas of these outflows ex- 
hibit surface temperatures and sa- 
linities which are different than the 
Surrounding sea water, their detec- 
tion by microwave radiometers is pos- 
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sible from a remote platform. Re- 
motely sensed salinities in the 
flight path across Arecibo harbor and 
along the nearby coastline are shown 
on Figure 8. After separating the 
surface run-off contributions, such 
as rivers, lagoons marshes and bays, 
44 submarine freshwater springs were 
identified which indicates that the 
submarine freshwater outflow .io0ca- 
tions are more numerous around the 
island than had earlier been estimat- 
ed. The majority of the submarine 
springs are located at the northwest 
and southeast portion of the Puerto 
Rican coastline. Salinity and tem- 
perature distribution plots obtained 
along the flight path in longitude 
and latitude coordinates show that 
run-off direction can be determined. 
A comparison of outflow rate and re- 
motely measured salinity and tempera- 
ture gradients could lead to an in- 
teresting application of remote sens- 
ing for future submarine freshwater 
source surveillances. 


During November 1979, NASA and 
the Skidaway Institute of Oceano- 
graphy conducted a coordinated ex- 
periment to define the salinity dis- 
tributions near rivers and sounds and 
major changes that occur from ebb to 


flood flow off the Georgia coast 
(Kendall 1980). On the afternoon of 
November 8, 1979, a series of 20 


flight lines were flown by a NASA P-3 
aircraft off the coast of Georgia for 
the purpose of measuring the salinity 
distribution with onboard microwave 
radiometers. The data were obtained 
from the middle portion of the ebb 
flow cycle to within one-half hour 
until slack ebb. The same timing was 
repeated for the flood flow cycle 18 
hours later on November 9. The maps 
produced by the effort thus represent 
the salinity conditions of the water 
near the last half of the ebb and 
flood cycles. Sea-truth data for the 
overflight measurements were provided 


CHESAPEAKE 
BAY 


22 - 24°C 


24 - 26°C 


ATLANTIC 
OCEAN 


“i oe 
> 26°C 24-260 0 \ AO y 
As ay 24 - 26°C 


(COMTIMUED OR MART (2200) Moe mary BGS "OV 


eo 
CWTIO) 1270 nme ad 
moma tan, © 


24 - 26°C 


J 
! 


WAMPTON |} ® 
ere een, 4 
1310 whts (Dey ony) 


24 - 26°C 


> 26°C LS 


24 - 26°C | 
CHESAPEAKE 
LIGHT TOWER 
° 
| 
| 


ee ee Se 


Figure 6. Isothermals of the lower Chesapeake Bay on 24 August 1976. 
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Figure 7. Isohalines of the lower Chesapeake Bay on 24 August 1976. 
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by the R/V Kit Jones, R/V Blue Fin, 
and R/V Iselin. A comparison of mea- 
sured salinities with corresponding 
sea-truth data shows that the salini- 
ty measurement was accurate to wichin 
1.0 ppt. Preliminary results shown 
in Figure 9 indicate that the Savan- 
nah River plume dominated the salini- 
ty regime and extended out from the 
Savannah River mouth about 12 km dur- 
ing ebb tidal conditions. The plume 
merged into a band of low salinity 
water extending along the Georgia- 
South Carolina coast which was pro- 
duced by the many river sources of 
fresh water entering the coastal wa- 
ters. The principal value of this 
survey was to help define the role of 
ocean currents over scales smaller 
than the plume dimensions. Such 
knowledge would enable us to relate 
the distribution of fresh water in 
river plumes to tidal and wind-driven 
currents that vary with local bottom 
bathymetry near the inlet mouth. 


ACTIVE LASER AIRBORNE MEASUREMENTS 


An Airborne Lidar Oceanographic 
Probing Experiment (ALOPE) system has 
been developed and laboratory tested 
(Brown et al. 1978). The laser in 
the system is a unique four-color dye 
laser pumped by a single linear xenon 
lamp. Fluorescent dyes, which lase 
at 454, 539, 598, and 617 nm, are the 
active medium for the separate dye 
lasers, which are separately acti- 
vated using a rotating intercavity 
shutter. Induced fluorescence from 
chlorophyll a in the water is col- 
lected by a telescope, passed through 
a narrow band pass filter (centered 
at 685 nm), digitized, and recorded. 
Results of laboratory tests using 
mixtures of species (from each of 
four color groups: blue-green, gold- 
en brown, green, and red) indicated 
correlation coefficients (between 
samples and ALOPE measurements) of 
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0.994 for total chlorophyll a and 
from 0.81 to 0.88 for the individual 
color groups. 


Results from a NASA/University 
of Rhode Island/EPA Narragansett Bay 
Experiment suggest the applicability 
of the ALOPE system for monitoring 
total chlorophyll a and phytoplankton 
diversity in estuarine systems (Farm- 
er et al. 1980). In this Narragan- 
sett Bay experiment, the instrument 
was mounted on a helicopter platform 
(nominal flight altitude 30 meters). 
The system is currently being evalu- 
ated from an aircraft platform which 
increases coverage and coordination 
with other instruments. Surface mea- 
Surements required for calibration of 
the remotely sensed data include in 
situ water attenuation coefficients. 


ENVIRONMENTAL SATELLITES 


Multispectral data collected 
over estuarine and coastal zones from 
Landsat environmental satellites have 
been evaluated to study water quality 
and pollution features, such as sus- 
pended solids, chlorophyll a, and 
plumes resulting from ocean dumps. 
Using suspended solids as a tracer, 
Klemas et al. (1974) studied current 
flow and plumes in the Delaware Bay 
and nearby coastal areas. 


Bowker and Witte (1977) and Bow- 
ker et al. (1975) investigated the 
utility of repetitive Landsat cover- 
age for monitoring changes in the 
lower Chesapeake Bay. Recently, 
Bowker (1980) of the NASA Langley Re- 
search Center developed a mosaic of 
Landsat imagery that shows features 
associated with nearshore regions of 
the gulf coast (Figure 10). 


Landsat digital data are avail- 
able on Computer Comparable Tapes 
(CCTs) through the EROS Data Center. 
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Figure 9. Salinity map of Georgia coastal area during ebb tidal cycle on 
8 November 1979. 
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Figure 10. Mosaic of Landsat imagery showing dominant oceanographic features along the Gulf of Mexico 
shoreline. 
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The format (typically nine-track, 
800 bytes per inch ([bpi] is es- 
sentially the same as for the air- 
borne M2S data and many of the pre- 
processing and analysis’ techniques 
described earlier also apply. 


CONCLUDING REMARKS 


Results of experiments conducted 
in the United States coastal zone in- 
dicate that remote sensing may pro- 
vide data and measurements of in- 
terest to oceanographers and environ- 
mental managers. High resolution 
airborne sensors may be utilized to 
provide information on oceanographic 
parameters such as particulates, sa- 
linity, temperature, chlorophyll a, 
and possibly phytoplankton diversity. 
Repetitive data collections from en- 
vironmental satellites provide syn- 
optic and temporal information on 
high radiance contrast features such 
as river plumes. 


Airborne optical spectral range 
sensors (e.g., multispectral scanners 
and cameras) measure reflected ra- 
diation in several spectral bands. 
Parameters that have indicated ra- 
diance changes are temperature and 
concentration changes of chlorophyll 
a and suspended solids. Quantitative 
analysis techniques, using multiple 
regression, have been developed to 
relate sea-truth measurements to cor- 
responding remotely sensed data. Re- 
sults of these analyses--calibrated 
regression equations--have been used 
to map distributions of parameters 
such as chlorophyll a and suspended 
solids. 


Qualitative analyses use photo 
analysis or other techniques in which 


the interpretations do not require 
concurrent sea-truth measurements. 
In general, features of interest, 


such as a river plume or a plume from 
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ocean dumping of waste materials have 
radiance or temperature levels dif- 
ferent from surrounding water. The 
extent of the feature may be mapped 
using equal radiance mapping and/or 
Classification techniques. An envi- 
ronmental application of these tech- 
niques is the monitoring of plume 
flows from estuarine systems. 


Microwave spectral range mea- 
surements provide information on 
temperature and salinity of surface 
waters. Synoptic coverage from pa- 
rallel aircraft flight lines provides 
data for mapping distributions of 
these parameters to describe features 
such as river plumes and locations of 
submarine freshwater springs. Micro- 
wave measurements may be made over a 


wide range of environmental condi- 
tions. 

Airborne active laser’ remote 
sensors such as the ALOPE may be 


used to determine total chlorophyll 
a density and to estimate phyto- 
plankton diversity. Laboratory re- 
sults have indicated statistically 
significant correlations between the 
remotely sensed and the’ measured 
densities and diversity. Preliminary 
evaluations of data from a field test 
in the Narragansett Bay support re- 
sults obtained in the laboratory. As 
and active system, the ALOPE is not 
limited to daylight operations, as 
are passive optical spectral range 
sensors. At the present time, in 
situ attenuation coefficient measure- 
ments are required. 


Repetitive remotely sensed mea- 
surements from environmettal satel- 
lites provide wide area synoptic mea- 
surements on features that exhibit 
high radiance’ contrast. Proposed 
environmental and meteorological sat- 
ellites will provide improved spec- 
tral and spatial resolution as well 
as increased coverage frequency. 


Presently, the primary applications 
for optical range satellite based re- 
mote sensors appear to be for wide 
area and/or repetitive measurements 
of well defined features such as sed- 
iment plumes and spectrally different 
ocean water masses. 
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DISCUSSION 


Question: Tom Frazier, You men- 
tioned one limitation. I'm wondering 
if you have any limitation dealing 
is highly colored 
such as a hundred to two hundred co- 
Will this foul 


chlorophyll or salinity? 


Answer: There has to be some- 

in the water that gives the 
color. If it's a dissolved organic 
material, then that would have the 
effect of limiting the penetration. 
On the other hand, if what you're 
looking at is largely surface pheno- 
menon, then that would merely change 
the background. So, I don't think I 


thing 


have a direct answer for that, it 
depends on the particular circum- 
stances. And really it depends on 


40 


how much contrast you have. It's the 
same old thing if you're looking for 
a gray target, against a gray back- 
ground, you're going to have trouble 
finding it. On the other hand, if 
you're looking for a black target or 
something that has different radiance 
characteristics from the background, 
then you can find it relatively easi- 
ly. So I think without knowing what 
the material is, it is very difficult 
to answer the question. 
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ABSTRACT 


Eight 24-hour (h) surveys were 
conducted during September and Octo- 
ber 1977 and 1978 to record the ex- 
tent, concentration, and duration of 
Salinity intrusions into the Colum- 
bia River estuary. Monitoring sta- 
tions were established at Tongue 
Point, Harrington Point, Grays Point, 
and in the north channel of Cathla- 
met Bay. The objective was to simul- 
taneously measure salinity during 
maximum (spring) and minimum (neap) 
tidal cycles. 


Monthly neap tides produced the 
highest concentrations with the long- 
est durations and farthest upstream 
intrusions of saline waters. Sali- 
nities reached 30 parts per thousand 
(ppt) at Tongue Point and 17 ppt at 
Harrington Point. Concentrations of 
salt water exceeding 11 ppt were mea- 
sured continually throughout one 24-h 
survey (7 to 8 September 1977) at 
Tongue and Grays Points. The far- 
thest upstream intrusion of salt wa- 
ter 2 ppt was recorded between Buoy 
14 and 14A at Columbia River Mile 
(RM) 26.5. 
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INTRODUCTION 


In 1977 three events occurred 
which necessitated the gathering of 
up-to-date information on the in- 
trusion of salinity into the Colum- 
bia River estuary: (1) near record 
low flows for the Columbia River were 
predicted for the summer/fall of 
1977; (2) the Corps of Engineers 
(COE) dredged approximately 6.9 mil- 
lion m of sediment from the Colum- 
bia River bar during the spring and 
summer of 1977 (this increased the 
depth of the bar from 14.6 to 16m); 
and (3) on-site salinity studies 
were needed to verify the Columbia 
River physical model which was re- 
cently renovated for studies at the 
COE Waterways Experiment Station 
(WES). 


This study was partially funded 
by the Portland District COE and was 
conducted by the National Marine 
Fisheries Service (NMFS), Coastal 
Zone and Estuarine Studies Division 
(CZES), Northwest and Alaska Fish- 
eries Center. The objective was to 
determine the concentration, extent, 
and duration of salinity intrusion 


into the Columbia River estuary dur- 
ing a period of low river flow, Sep- 
tember and October, 1977. In addi- 
tion, NMFS conducted a similar study 
in September and October of 1978 to 
obtain data for comparison with the 
data from the 1977 low-flow year. 


STUDY PLAN AND METHODOLOGY 
(METHODS AND MATERIALS) 


In August 1971 preliminary stud- 
ies were conducted to locate appro- 
priate stations close to or on the 
main ship channel where vessels could 
anchor and not obstruct river traf- 
fic. Also, samples were taken at var- 
ious depths at locations north and 
south of the main ship channel to 
determine if salinity intrusions 
reached levels justifying documenta- 
tion during the 24-h surveys to fol- 
low. Boats were anchored at prede- 
termined points until high tide or 
peak salinities occurred, then moved 
upriver following the 2 ppt salinity 
level or downstream if salinities did 
not reach 2 ppt. 


Stations selected for the 24-h 
salinity surveys are shown in Figure 
1. Station 1 (Tongue Point) and Sta- 
tion 4 (Harrington Point) were locat- 
ed near the main ship channel. Sta- 
tion 2 was located near Grays Point 
on the Washington side of the river; 
whereas, Station 3 was on the Oregon 
side in Cathlamet Bay. River miles 
and the position of navigation buoys 
referred to in the text are also 
shown in Figure 1. 


Salinity, conductivity, and tem- 
perature were measured at least once 
per hour (on the hour) at each meter 
of depth during eight 24-h survey pe- 
riods at the four locations. 
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Measurements were taken with 
Beckman (Model #RS5-3) salinometers 
(reference to trade names does not 
imply endorsement by NMFS) values 
were recorded to the nearest tenth. 
River distances are presented in 
statute miles and tide elevations in 
feet to correspond to common usage 
Ou navigation and tide charts. 


The four vessels were anchored 
on station and remained there for ap- 
proximately a 24-h period. Some sur- 
veys were shortened because saline 
water had receded and the tide was 
ebbing. A roving boat was used to 
locate the furthest extent of salt- 
water intrusion (2.0) ppt during each 
survey. Because of safety and the 
difficulty in locating position mark- 
ers at night, the roving boat operat- 
ed only during daylight. 


Sampling periods were selected 
to correspond to the monthly spring 
and neap tidal cycles in September 
and October of 1977 and 1978. Spring 
tides are tides of increased range 
occurring during the times of a new 
and full moon; these rise higher and 
fall lower than during the rest of 
the month. Neap tides are tides of 
decreased range occurring’ during 
times of the first and last quarters; 
these tides do not rise as high or 
fall as low as tides during the rest 
of the month. 


River flows were determined us- 
ing the daily mean flow at Bonne- 
ville Dam, the Willamette River at 
Portland, and the Cowlitz River at 
Castle Rock. River flows presented 
for the 24-h survey periods were cal- 
culated by taking the average flow 
during a 7-day period (the first day 
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Figure 1. Sampling stations in the Columbia River estuary for the 1977-1978 salinity surveys. Distances 
(in river miles) are located in the center of the channels. Pertinent navigation markers are indicated by 
numbered squares. 


of the sampling period plus the six 
previous days). Tide data were ob- 
tained from the National Ocean Sur- 
vey NOAA and are for the Tongue Point 
tide station. Columbia River tide 
data are presented in relation to 
mean lower-low water. 


RESULTS AND DISCUSSION 


24-HOUR SURVEYS, 1977 


7 and 8 September 


The first 24-h survey was during 
a neap tide cycle with a maximum tid- 
al range of 6.8 feet. Average river 
flow was 3,114 m/s (111,000 cfs) or 
88 percent of the 15-yr average for 
this period. These conditions pro- 
duced a substantial saline intrusion 
into the estuary not only in the 
navigation channel, but also in the 
side channels. Maximum upstream in- 
trusion (3.1 ppt was found at Buoy 
12, which is approximately RM 25. 
Salinities exceeding 15 ppt remained 
throughout the 24-h period at Tongue 
Point. Measurements were taken from 
the roving boat off Woody Island 
Channel and from Harrington Point to 
Grays Point; salinity was found in 
both areas. Water temperatures rang- 
ed from 20°C (river) to 14°C (brack- 
ish). Hourly salinity concentrations 
measured at our sampling stations are 
shown in Figure 2. 


17 and 18 September 


The second survey was during a 
spring tide cycle with a tidal range 
of 9.5 feet. The high-high tide in- 
trusion did not result in salinities 
that exceed 10.6 ppt at any of the 
four monitoring stations (Figure 4). 
River flows averaged 3,270 m/s 
(115,500 cfs) and were approximately 


44 


normal for this time of year. Water 
temperatures ranged from 19°C (fresh) 
to 16°C (brackish). A peak salinity 
intrusion of 2.6 ppt was measured at 
Buoy 54 (RM 22) at 1740 H. 


5 and 6 October 


The third survey was conducted 
on a neap tide cycle with a maximum 
range of 5.8 feet; river flows aver- 
aged 3,665 m (129,500 cfs). Peak 
concentrations of salt water recorded 
during the study occurred at all four 
Stations during this survey. Salini- 
ty was present at all but the Har- 
rington Point site throughout this 
survey (Figure 2). Water tempera- 
tures ranged from 11° to 16°C. Sa- 
linities of 8.7 ppt were measured at 
2100 h on 5 October between Buoy 14 
and 14A (RM 26.5) in the main ship 
channel. This was the highest con- 
centration of salt water to intrude 
this distance during any of the 
eight surveys. 


13 and 14 October 


The fourth survey (13 to 14 Oc- 
tober) was selected to monitor a 10- 
ft tidal change. On 13 October a 
high-high tide of 8.8 feet occurred 
at 1318 h, and a low-low tide of -1.3 
feet occurred at 2012 h. Severe tid- 
al currents occurred during ebb flow. 
River flow dyring this survey aver- 
aged 3,420 m/s (120,000 cfs). Sa- 
linity intrusions corresponding with 
the high-high tide (8.8 feet) were 
recorded at Tongue Point, and in 
Cathlamet Bay (Figure 2). Salinity 
was recorded only at Tongue Point and 
Grays Point during the (7.5 foot) 
low-high tide on 14 October. Salin- 
ities did not exceed 10.0 ppt at any 
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station during this survey. Water 
temperatures ranged from 12° to 15°C. 
A salinity intrusion of 2.1 ppt 
reached Buoy 54 (RM 21.8) at 1600 h. 


24-HOUR SURVEYS, 1978 


The objective of the 1978 salin- 
ity surveys was to obtain salinity 
information during a normal flow year 
for comparison with the data collect- 
ed in the low flow year of 1977. 
Mean daily flow into the Columbia 
River estuary in September 1977 was 
approximately 3,318 m/s (117,Q00 
cfs) as compared to 4,780 m/s 
(169,000 cfs) in September 1978. Qc- 
tober 1977 flows averaged 3,362 m/s 
(419 ,000 cfs) as compared to 4,379 
m/s (155,000 cfs) in October 1978. 


18 and 19 September 


The fifth survey was conducted 
on 18 and 19 September during a 
spring tidal cycle. Maximum tidal 
range was 9.2 feet with a high-high 
tide of 8.4 feet at 1430 h and the 
low-low tide (-0.8 feet) at 2100 h. 
Average river flow during this period 
was 5,159 m/s (182,200 cfs). The 
highest concentration of salinity 
measured at the four monitoring sta- 
tions (4.9 ppt) occurred off Grays 
Point at 1630 h. Salinity concentra- 
tions did not exceed 0.9 ppt in Cath- 
lamet Bay or at Harrington Point 
(Figure 3). Water temperatures rang- 
ed from 18°C (fresh) to 16°C (brack- 
ish). The furthest point of salt wa- 
ter intrusion (2.8 ppt) recorded was 
southwest of Rice Island (RM 20.4 at 
1520 h. 
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25 and 26 September 


The sixth survey took place dur- 
ing the September neap tide cycle, 
with a maximum tide of 6.1 feet. 
The high-high tide at Tongue Point 
was 6.8 feet at 2000 h followed 7 h 
later with a low-low tide of 0.7 
feet. Average daily river flow for 
the period was 5,005 m/s (176,000 
cfs). Salinities greater than 2.9 
ppt were present near the bottom at 
Tongue Point, Grays Point, and in 
Cathlamet Bay throughout the 24-h 
survey (Figure 3). Measurements were 
taken from the roving boat through- 
out the upper estuary. A maximum 
upstream intrusion (3.7 ppt) was re- 
corded at 1300 h on 26 September at 
Buoy 12) (RM 24.9). Water tempera- 
tures ranged from 15.3° C (brackish) 
to 17.4°C (fresh). 


16 and 17 October 


Survey seven was conducted on 
16 and 17 October during the spring 
tidal cycle. Highest tide of the 
month was recorded at Tongue Point 
on 16 October at 1312 h. The high- 
high tide (8.8 feet) was followed by 
a low-low tide of -1.1 feet; a dif- 
ferential of 9.9 feet. River flows 
averaged 4,346 m/s (153,000 cfs). 
Salinities did not exceed 9.2 ppt at 
any of the four monitoring stations 
(Figure 3). Water temperatures rang- 
ed from 16.2°C to 14.6°C. A peak sa- 
linity intrusion of 3.7 ppt was re- 
corded at 1500 h in the main ship 
channel near Buoy 54 (RM 21.8). 


24 and 25 October 


The eighth 24-h survey’ took 
place during a neap tide cycle on 24 
and 25 October. Maximum tidal range 
during this survey was 5.6 fegt. 
Average river flow was 4,480 m/s 
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Figure 3. Salinity recorded during 1978 surveys at four locations in the 
Columbia River estuary. 
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(158,000 cfs). A substantial  sa- 
linity intrusion occurred throughout 
the estuary (Figure 3), with a maxi- 
mum upstream intrusion of 4.2 ppt 
recorded at Buoy 13 (RM 25.9) at 
2230 h on 24 October. Water tempera- 
tures ranged from 11.5° to 15.1°C. 


SUMMARY AND CONCLUSIONS 


Salinity, conductivity, and tem- 
perature were measured hourly at each 
meter of depth at four locations in 
the Columbia River estuary during 
eight 24-h surveys. The extent of 
the saltwater intrusion was deter- 
mined for each survey by following 
the saltwater wedge as it moved up- 
stream. 


The 1977 salinity studies took 
place during a near record lowflow 
period for the Columbia River. Mean 
monthly flows into the estuary dur- 
ing September and October of 1977 
were 77 and 70 percent of the 15-yr 
average. River flows during Septem- 
ber and October 1978 were near nor- 
mal at 117 and 100 percent of the 


15-yr average, thus providing data 
for comparison. 
Our sampling periods for the 


1977 and 1978 surveys were selected 
to correspond to the September and 
October monthly spring and neap tide 
cycles. Average river flow during 
the four 24-h salinity , surveys in 
1977 ranged from 3» 114 m/s (110,000 
cfs) to 3,665 m/s (129,000 cfs). 
Salinity data were collected over 
tidal ranges which varied from a 
minimum of 3.4 feet to a maximum of 
10.1 feet. Figure 4 shows the 24-h 
tide cycles and corresponding salin- 
ities at Tongue Point for the 1977 
surveys. 


48 


River flows during the 1978 ga- 
linity surveys ranged from 4,346 m/s 
153,500 cfs) to 4,149 m/s (182,000 
cfs). Maximum tidal range during the 
1978 surveys was 9.9 feet on 16 Oc- 


tober, a minimum tidal range of 2.9 
feet was monitored on 24 October 
1978. The tide cycles and corres- 


ponding salinities at Tongue Point 
are presented in Figure 5. 


Extent of upstream intrusion of 
salinity was recorded for each sur- 


vey; the criterion established was 
the farthest intrusion of salinity 
2.0 ppt. Salinity intrusion in the 


main ship channel extended at least 
20 miles upstream during all eight 
surveys (Table 1). 


Monthly neap tides produced the 
highest salinity concentrations with 
the longest duration and the farthest 
upstream intrusion of saline water. 
The higher river flow during the 1978 
surveys did restrict the concentra- 
tion and extent of intruding salt 
water; however, during the 24 Octo- 
ber 1978 survey, saline water (4.2 
ppt) was measured at RM 25.4 during 
a mean flow period of 4,480 m/s 
(158,220 cfs). 


The highest concentration of 
salt water (34.2 ppt) measured was at 
Tongue Point on 5 October 1977. This 
concentration surpassed all_ known 
documented records. In addition, sa- 
linity near the bottom (12 to 13 m 
remained above 20 ppt during the 
first 11 h of the survey. 


Maximum concentration of salin- 
ity recorded at the Gray Point site 
(RM 19.3) was 17.1 ppt during the 
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Figure 4. Twenty-four hour tide cycles and corresponding salinities at 
Tongue Point (RM 18.3) during the four 1977 surveys. 
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Figure 5. Twenty-four hour tide cycles and corresponding salinities at Tongue 
Point (RM 18.3) during the four 1978 surveys. 
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Table 1. Maximum extent of saltwater intrusion of> 2.0 o/oo during eight 24-h 
surveys in the Columbia River estuary September and October 1977-1978. 


Maximum 
tidal Distance of Salinity 
Flow range intrusion recorded 
Date (m>/s) (cfs) (feet) (miles) (0/00) 
1977 
7 Sept. 3,114 109 ,983 6.8 25.0 3.1 
17 Sept. 3,270 115,484 9.5 22.0 2.6 
5 Oct. 3,665 129 ,454 5.8 26.5 8.7 
13 Oct. 3,420 120,774 10.1 21.8 2.1 
1978 
18 Sept. 5,159 182,194 9.2 20.4 2.1 
26 Sept. 5,005 176,758 6.1 24.9 3.6 
16 Oct. 4,346 153,478 9.9 21.8 3.7 
24 Oct. 4,480 158 ,220 5.6 25.4 4.2 


Table 2. Peak concentration and duration of salinity at Harrington Point 
(RM 23.4) during eight 24-h surveys. September-October 1977-1978. 


Maximum 
tidal Peak 
Flow range concentration Duration 
Survey (m?/s) (cfs) (feet) (0/00) (h) 
1 3,114 109 ,983 6.8 15.0 18 
2 3,270 115,484 9.5 0.0 ee 
3 3,665 129 ,454 5.8 16.0 22 
4 3,420 120,774 10.1 0.0 ee 
5 5,149 182,194 9.2 0.0 oe 
6 5,005 176,758 6.1 8.1 10 
7 4,346 153,478 9.9 0.0 ee 
8 4,480 158,220 5.6 8.8 10 
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third survey. Salinity concentra- 
tions near the bottom remained 
around 15 ppt throughout this survey. 
A saltwater intrusion of 1.0 ppt oc- 
curred at Grays Point on all high- 
high and low-low tides during each of 
the eight surveys. 


Maximum concentration of salin- 
ity at the Cathlamet Bay site was 
19.7 ppt on the third survey. A 
salt water intrusion occurred at this 
site during all but the fifth survey. 


Salinity data collected at Har- 
rington Point (RM 24.5) shows a salt- 
water intrusion for all surveys taken 
during the neap tide cycles; surveys 
1, 3, 6, and 8 (Table 2). Salt water 
did not reach Harrington Point during 
the four surveys taken on spring tide 
cycles (Surveys 2, 4, 5, and 7). The 
highest salinity concentration mea- 
sured at this site was 16.6 ppt. 


Based on previous records, the 
concentration, extent, and duration 
of saltwater intrusion into the mid- 
dle and upper Columbia River estuary 
(RM 18.2 to 26.5) was greater than 
expected. Haertel and Osterberg 
(1967) state maximum salinity in the 
Columbia River occurs with high tide 
and low river flow and probably in- 
trudes less than 20 nautical miles 
(RM 23). Their salinity measurements 
in the upper estuary were taken at 
low tide and therefore represent min- 
imum salinity. Lutz et al. (1975) 
measured salinity throughout the es- 
tuary during a September 1969 spring 
tide cycle (range 7.2 feet). Their 
records show salinities of less than 
10 ppt at Tongue Point (RM 18.2) and 
less than 2 ppt near RM 20. These 
concentrations correspond to our sa- 
linity data collected during the Sep- 
tember 1977 and 1978 spring tide cy- 
cles. In October 1972, Misitano 
(1974) recorded salinities to 22 ppt 
at Tongue Point (RM 18.2) and salini- 
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ties to 6.6 ppt at Harrington Point 
(RM 23.4). These data were collected 
during a neap tide cycle (tidal range 
6.5 feet) at a monthly mean river 
flow of 4,460 m/s (157,500 cfs). 


Studies by Haertel (1965) and 
Neal (1965) indicate that salinities 
were higher on the northern side of 
the river (North Channel) than in the 
main ship channel. This may be true 
for the lower estuary downstream from 
the Astoria Bridge (RM 13.6); how- 
ever, a comparison between salinity 
data taken on the north side of the 
river at Grays Point (RM 19.3) and 
data taken in the main channel at 
Tongue Point (Rm 18.2) shows much 
higher salinity concentrations at 
Tongue Point during seven of our 
eight surveys. The exception was 
Survey 7 (16 and 17 October 1978) 
conducted during the highest tide of 
the month. Data from this survey 
shows slightly higher salinities at 
Grays Point (Grays Point, 9.2 ppt, 
Tongue Point, 8.5 ppt). 


Misitano's (1974) data and our 
data taken on the monthly neap tide 
cycles show higher concentrations of 
salinity, extending farther upstream, 
and remaining over a longer duration 
than previous studies. The earlier 
salinity studies in the upper estuary 
documented salinities at low tide or 
during the monthly spring tide cycle. 
Deepening of the Columbia River bar 
during the spring and summer of 1977 
and the creation of a 40-foot by 600- 
foot channel through the _ estuary 
could also have contributed to the 
increased intrusion of salt water in- 
to the estuary. 


RECOMMENDATIONS 


If salinity patterns in the 
Columbia River estuary are changing, 


then major ecological changes may oc- 


cur. These changes could affect the 
distribution of benthic and pelagic 
fish and shellfish. Invertebrates 
that are beneficial to the _ food 


chain or that could be detrimental to 
the environment (wood borers or foul- 
ing organisms) could be changing in 
abundance and distribution within 
the estuary in such a way as to af- 
fect major fisheries or impose major 
impacts at the fishing ports of 
Ilwaco and Chinook, Washington and 
Astoria, Oregon. Therefore, salinity 
intrusion into the Columbia River es- 
tuary should be more thoroughly ex- 
amined and documented in greater tem- 
poral and spatial detail. 
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THE NUTRITIONAL SIGNIFICANCE OF THE DISTRIBUTION OF SUSPENDED PARTICULATE 


MATERIAL IN THE UPPER SAN FRANCISCO BAY-ESTUARY 
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Department of Land, Air and Water Resources 
University of California, Davis 


ABSTRACT 


A study was conducted to invest- 
igate the relationship between the 
distribution of nutritionally impor- 
tant suspended particulate matter and 
the area of the entrapment zone in 
upper San Francisco Bay estuary. The 
biochemical characteristics of the 
particulate material were measured 
monthly for a year at salinities of 
0, 2, 4, 6 and 10 ppt. The particu- 
late matter was size fractioned into 
two categories: 0.5 to 15- pand 0.5 
to 120-\.. Samples were analyzed for 
cholorophyll a, ATP, protein, carbo- 
hydrate, and particulate organic and 
inorganic carbon concentrations. At 
all salinities evaluated, an aver- 
age of 78 percent of the protein and 
76 percent of the carbohydrate was 
found in the 0.5 to 15-u size frac- 
tion. From July through December the 
highest concentrations of suspended 
particulate matter were reported for 
the intermediate salinities of 4 and 
6 ppt, indicating the presence of an 
entrapment zone at these salinities. 
The highest concentrations, of the 
biochemical components analyzed, oc- 
curred in the entrapment zone, except 
for carbohydrate and detrital carbon. 
The nutritional quality of the parti- 
culate matter, as measured by the 
protein/carbohydrate ratio, was high- 
er in the entrapment zone than in ad- 
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jacent upstream or downstream loca- 
tions. The distribution of filter- 
feeding zooplankton over the same sa- 
linity range indicated rotifers and 
calanoid copepods were not signifi- 
cantly different between the salini- 
ties evaluated. Eurytemora hirun- 
doides was the dominant adult cope- 
pod in the entrapment zone. The re- 
sults indicate the entrapment zone 
is a nutritionally enhanced area for 
filter feeders in the estuary. Not 
all species studied appeared to be 
able to utilize this resource due to 
physiological requirements which re- 
strict them to salinities higher or 
lower than the entrapment zone loca- 
tion. 


INTRODUCTION 


The northern reach of the San 
Francisco Bay estuary is character- 
ized by a net two-layered flow circu- 
lation pattern during most of the 
year (Conomos 1979; Conomos’ and 
Peterson 1977). The effects of this 
two-layered flow in conjunction with 
the physical-chemical processes of 
flocculation aggregation and settling 
result in the formation of an area of 


maximum concentration of suspended 
materials. This area has been termed 
the "turbidity maximum" (Conomos 


and Peterson 1974) 
zone" (Arthur 1975). 


or "entrapment 


The location of the entrapment 
zone is determined primarily by the 
amount of net freshwater inflow to 


the estuary (Conomos and Peterson 
1974; Peterson et al. 1975). During 
peak outflows (January-March) the 


entrapment zone may be as far down- 
stream as the Carquinez Strait or San 
Pablo Bay and during very low inflows 
(e.g., 1976 drought) the entrapment 
zone may move as far upstream as 
Decker Island on the Sacramento River 
(Figure 1). Arthur and Ball (1980) 
have presented data which suggest 
that entrapment zone location has a 
stxrong influence on _ phytoplankton 
populations. They report that the 
highest levels of chlorophyll a occur 
when the entrapment zone is located 
in the Honker Bay area. They suggest 
that the presence of the entrapment 
zone in this shallow, well-mixed bay 
allows for increased phytoplankton 
residence time in the photic zone in 
contrast to when it is in the deep, 
less well-mixed, narrow’ channels. 
They report that the entrapment zone 
is generally located in Honker Bay 
when freshwater outflows range from 
5,000-8,000 ft/sec. 


Analysis of historical water 
quality data has demonstrated that 
concentrations of chlorophyll, phyto- 
plankton, particulate organic nitro- 
gen and suspended inorganic material 
are significantly higher in the en- 
trapment zone of the San Francisco 
Bay estuary than in adjacent upstream 
or downstream areas (Arthur and Ball 
1978). Research in other estuaries 
has demonstrated that the estuarine 
circulation cell created by _ two- 
layered flow, is an important mech- 
anism for the transport and concen- 
tration of zooplankton (Rogers 1940; 
Cronin et al. 1962; Cronin and Man- 
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sueti 1971). Cronin et al. (1962) 
have pointed out that in two-layered 
systems, the normal diel vertical 
migration of zooplankton in response 
to light would successfully move them 
between inflowing and outflowing wa- 
ters over a 24-hour period. This 
would assist the zooplankton in main- 
taining a restricted horizontal dis- 
tribution in the estuary. High con- 
centrations of zooplankton are known 
to occur in the area of the entrap- 
ment zone in the San Francisco Bay 
estuary (Painter 1966; Turner 1966). 
Recent studies (Siegfried et al. 
1979; Orsi and Knutsen 1979) indicate 
that high concentrations of the mysid 
shrimp, Neomysis mercedis, also occur 
there. The results from these stud- 
ies, however, have not been able to 
indicate whether the zooplankton are 
being concentrated in the entrapment 
zone by hydrologic forces or whether 
conditions there, such as food con- 
centration or salinity, are benefi- 
cial for the organisms. 


As a part of a project investi- 
gating the interaction of dissolved 
organic matter and suspended particu- 
late material in the estuary, we have 
investigated the distribution of some 
nutritionally important biochemical 
characteristics of the suspended par- 
ticulate material in relation to the 
entrapment zone. The objectives of 
this part of the study were to: (1) 
determine if the entrapment zone is 
an area where nutritionally important 
particulate material is accumulated 
along with the increase in suspended 


inorganic matter; (2) determine if 
the nutritional "quality" of this 
particulate material is different 


from that in adjacent upstream and 
downstream areas; and (3) relate the 
distribution of these nutritionally 
significant materials to the distri- 
bution of filter feeding zooplankton. 
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Figure 1. The upper San Francisco Bay estuary. 
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MATERIALS AND METHODS 


The zooplankton and suspended 
particulate matter samples were col- 
lected once a month during 1979 at 
salinities of 0, 2, 4, 6 and 10 ppt. 
Salinity was measured with a YSI 
Model 33 salinity/conductivity meter. 
All samples were obtained at high 
tide, one meter off the bottom. 


The water samples for particu- 
late matter analysis were collected 
at each site using a Van Dorn sam- 
pler. Tie sample was filtered through 
a 120-u nitex screen to remove all 
zooplankton. One half of the sample 
was further filtered through a 10-1 
nitrex screen (effective pore size = 
15) using the reverse flow process 
(Dodson and Thomas 1964; Holm-Hansen 
et al. 1970). The procedure divided 
the water sample into two particulate 
matter size fractions for analysis: 
0.5 to 120 pand 0.5 to 15u). Samples 
for analysis of all the biochemical 
fractions were collected on Reeve 
Angel 984-H glass fiber filters (ef- 
fective pore size = 0.5 except for 
chlorophyll a, which were collected 
on Whatman GFC filters (effective 
pore size = 1.0). Samples for chlo- 
rophyll a and ATP were filtered im- 
mediately after collection in the 
field. Chlorophyll a and phaeopig- 
ments were measured by fluorometry 
according to the method of Yentsch 
and Menzel (1963) as modified by 
Holm-Hansen et al. (1965). ATP was 
measured as described by Holm-Hansen 
and Booth (1966) using the enhanced 
enzyme preparation of Jones and Simon 
(1977). Particulate living carbon 
was obtained by multiplying the ATP 
content by 286 (Holm-Hansen 1970). 


The remaining water samples 
were placed on ice and analyzed for 
particulate protein, carbohydrate, 


Organic carbon and inorganic carbon 
content, 


upon return to the labora- 
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tory. Particulate protein was de- 
termined by the method of Lowry et 
al. (1951) as modified by Bensadoun 
and Weinstein (1976). For particu- 
late carbohydrate content, the phe- 
nol-sulfuric acid method (Strickland 
and Parsons 1968) was employed. 


Particulate organic matter con- 
centration was determined by loss of 
weight on ignition at 475°C to 500°C. 
Temperatures were maintained below 
500°C to avoid errors due to loss of 
carbonate (Hirota and Szyper 1975). 
Particulate organic carbon content 
was calculated by dividing the par- 
ticulate organic matter concentration 
by a factor of two. Detrital carbon 
concentration was calculated by sub- 
tracting the living carbon fraction 
from the particulate organic carbon 
content. 


Triplicate zooplankton samples 
were collected one meter off the bot- 
tom at each site with a portable 
electric diaphragm pump equipped with 
a diffuser. The water was pumped in- 
to a collecting bottle equipped with 
a 60-t screen. The zooplankton were 
rinsed into jars and preserved in 5 
percent buffered formalin plus rose 
bengal stain. 


RESULTS AND DISCUSSION 


DISTRIBUTION OF SUSPENDED 
PARTICULATE MATTER 


The area of maximum turbidity 
in the upper San Francisco Bay estu- 
ary generally occurs in water of 
about 1 to 7 ppt salinity (Ball 
1977). We selected sampling sites of 
10, 6, 4, 2 and O ppt salinity in 
order to insure sampling upstream 
and downstream of the ' entrapment 
zone. The locations of the sampling 
Sites are shown in Figure 2, along 
with the mean delta outflow for each 


sampling time. The data collected 
for total suspended particulate mat- 
ter (0.5 to 120y) indicated the pres- 
ence of an entrapment zone over the 
six consecutive months, from July 
through December 1979. The data for 
this entire period were pooled by sa- 
linity. A one-way ANOVA indicated a 
Significant difference in suspended 
particulate matter concentration be- 
tween salinities (Table 1). Scheffe 
S test (multiple comparison of means) 
demonstrated that the highest concen- 
tration of suspended particulate mat- 
ter occurred at salinities of 4 and 6 
ppt. They were significally different 
(P>.05) than the concentration at the 
other salinities evaluated. Four and 
6 ppt salinity was therefore defined 
as the location of the entrapment 
zone and we used this definition to 
test hypotheses relating to food con- 
centration and zooplankton abundance 
in the entrapment zone. 


The data for the nutritionally 
important biochemical components of 
the suspended particulate matter were 
pooled in the manner previously des- 
cribed and analyzed by one-way ANOVA. 
The results are presented in Table 2. 
The concentrations (mg/liter) of all 
the nutritional parameters’ except 
carbohydrates and detrital carbon 
were significantly different between 
the salinities evaluated. Highest 
concentration for all of the signif- 
icant parameters occurred in the en- 
trapment zone. Average particulate 
protein and carbohydrate concentra- 
tion in the entrapment zone was 2 to 
3 times higher than those at 0 or 10 
ppt salinity. This correlates with 
a twofold to eightfold increase in 
chlorophyll a concentration within 
the entrapment zone. Concentrations 
of all the biochemical components 
evaluated were always lowest at 0 ppt 
salinity. 


In order to determine if the hy- 
draulic forces in the entrapment zone 
were selectively concentrating any of 
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the nutritional components more ef- 
fectively than the inorganic (non- 
utilizable) fraction, the data were 
transformed to a mg nutritional com- 
ponent/mg suspended particulate mat- 
ter basis. Results indicated that 
there was no significant difference 
(P >.05) in concentration between sa- 
linity for any of the parameters 
evaluated. This indicates that the 
nutritionally important suspended ma- 
terials are accumulating in the en- 
trapment zone at the same rate as the 
inorganic fraction (e.g., suspended 
silts and clay) is accumulating. The 
inorganic fraction reported for the 
entrapment zone ranged from 79 to 89 
percent of the total suspended par- 
ticulate by weight. 


During the sampling period (July 
to December 1979) and at all salini- 
ties, the majority of the proteins 
and carbohydrates (mg liter) was 
found in the 0.5 to 15- ypsize frac- 
tion of the particulate material. An 
average of 78 percent (range = 58% to 
96%) of the protein and 76 percent 
(range = 50% to 94%) of the carbohy- 
drates was found in the 0.5 to 15yp 
Size fraction. Mayzaud and Taguchi 
(1979) reported similar resu]ts when 
Studying the distribution of viochem- 
ical components in the suspended mat- 
ter of the Bedford Basin, Canada. 
They noted that most of the protein 
reported was contained in the 18-y 
size fraction. The higher concentra- 
tion of protein and carbohydrates in 
the 0.5 to 15-p size fraction of the 
San Francisco Bay estuary particu- 
lates does not mean that the smaller 
particulates are richer in these com- 
ponents on a mg nutritional component 
per mg suspended particulate matter 
basis. The average amount of sus- 
pended particulate matter in the 0.5 
to 15-1 size fraction is 78 percent 
of the total particulate matter. This 
is the same value as for the nutri- 
tional component indicating the large 
and small particles may have about 
the same average biochemical composi- 
tion. 
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Figure 2. Location of «h* 0 to 10 ppt salinity gradient for the sampling 
dates in 197°, The dark portion of the bars indicates the estimated location 
of the entrapment zone based on the 2 to 6 ppt salinity range. 


Table 1. Analysis of variance test of the hypothesis that the suspended particulate matter concentration 


does not differ between the salinities evaluated. 


MEAN CONCENTRATIONS FOR JULY-DECEMBER 1979, 


SCHEFFE S 
POOLED BY SALINITY F-STATISTIC! MULTIPLE CONTRAST: 
0%. . 4°, 6°oo 10% (4,25 df) 4,6%. versus 0,2,10%, 
SUSPENDED 
PARTICULATES 39.44 67.76 105.57 98.32 60.28 4.92%: te 
(mg/2) 
1 


* P< .05, ** P < .01 


G/ 


Table 2. Analysis of variance tests of the hypothesis that the concentrations of the suspended particulate 
components do not differ between the salinities evaluated. 

SUSPENDED MEAN ee ee — 1979, " SCHEFFE § . 

PARTICULATE F-STATISTIC MULTIPLE CONTRAST 

Caen “an 2 Oh Whe (4,25 df) 4, 0%» versus 0,2,10%c 

CHLOROPHYLL a 2.80 11.33 23.51 26.16 12.07 3.50% * 

(ug/2) 

ATP 2.73 7.03 13.14 11.85 6.45 4.55%* * 

(mg /2) 

PROTEIN 0.73 1.54 2.57 2.57 1.26 6. 38*** * 

(mg /%) 

CARBOHYDRATE 1.26 1.98 2.73 2.76 2.03 1.99 N.S. — 

(mg/2) 

PROT EIN/CARBO- 0.65 0.82 0.98 0.94 0.67 3.70% * 

HYDRATE RATIO 

PARTICULATE IN- 27.96 58.94 91.41 84.40 51.98 5. 75 %* * 

ORGANIC CARBON 

(mg/2) 

PARTICULATE OR- 2.42 4.41 7.07 6.96 4.16 6. 73%** * 

GANIC CARBON 

(mg/2) 

DETRITAL CARBON 1.66 2.58 3.47 3.57 2.49 1.13 N.S. <_ee 

(mg/2) 

1 


* P< .05, ** P< .O1, *** P < .001, N.S. not significant. 
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NUTRITIONAL QUALITY OF 
THE PARTICULATE MATTER 


Boyd and Goodyear (1971) indi- 
cate that for general ecological pur- 
poses, quantifying the amount of pro- 
tein and amount of noncell wall car- 
bohydrates in organic matter is a 
good measure of the nutritional qual- 
ity of net production. Nutritional 
quality is defined as that portion of 
the organic matter of the food that 
is nutritionally utilizable by a con- 
sumer. They report that the level of 
protein seems to be the most impor- 
tant factor. A protein/carbohydrate 
ratio, therefore, would serve as a 
good index of the nutritional quality 
of suspended particulate matter in 
aquatic systems. Our data (Table 2) 


indicate that the highest average 
protein/carbohydrate ratios occur 
within the entrapment zone. The en- 


trapment zone, therefore appears to 
be an area in the estuary that is nu- 
tritionally enhanced for filter feed- 
ing organisms, both in terms of food 
concentration and food quality. 


DISTRIBUTION OF FILTER 
FEEDING ZOOPLANKTON 


The distribution of three dom- 
inant types of filter feeding zoo- 
plankton in the upper San Francisco 
Bay estuary was analyzed. The organ- 
isms were rotifers, calanoid copepod 
nauplii, and adult calanoid copepods. 
Transformed zooplankton abundance 
enumerations were used in the statis- 
tical analysis. The transformation 
log (x+l) was chosen so as to bring 
the distribution of abundance values 
closer to a normal distribution and 
to reduce the dependence of the vari- 
ance on the mean. 


The data for abundances of adult 
calanoid copepods indicate no signif- 
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icant difference between abundances 
and the salinities evaluated (Table 
3). This indicates that factors other 
than hydraulic forces or food concen- 
tration may be affecting their dis- 
tribution. The dominant species of 
calanoid copepods during the study 
were Acartia clausi,  Eurytemora 
hirundoides, and Limnocalanus macru- 
rus. Both Acartia and Eurytemora 
have been reported to be selective 
filter feeders, selecting for parti- 
cle biomass peaks, and for larger 
particles (Allan et al. 1977; Dona- 
ghay and Small 1979). Based on these 
feeding strategies, we would expect 
to find both of these species in the 
entrapment zone where maximum food 
abundance occurs. The relative abun- 
dance of the three dominant species 
at each of the salinities evaluated 
is shown in Table 4. E. hirundoides 
is the dominant copepod in the en- 


trapment zone. The maximum abun- 
dances of both A. clausi and L. 
macrurrus occur at the _ salinities 
outside the entrapment zone. A. 


clausi is the most abundant calanoid 
copepod at 10 ppt and L. macrurus was 
the most abundant at O and 2 ppt sa- 
linity. A clausi is considered to be 
a more haline species than E. hirun- 


doides (Kelly 1966) and is _ found 
throughout the San Francisco Bay 
estuary at higher salinities (Ap- 
lin 1967; Caskey 1976). The zoo- 


plankton abundance data reported vy 
Arthur and Ball (1978) indicate that 
A. clausi is the dominant copepod 
species in the upper estuary at sa- 
linities greater than 8 ppt. A. 
clausi, therefore, appears to be lim- 
ited in its distribution to more sa- 
line waters probably due to physio- 
logical requirements. 


L. macrurus also appears to be 
limited by physiological requirements 
to the lower salinities evaluated in 
this study. L. macrurus is a relict 
species, meaning a saltwater form 
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Table 3. Analysis of variance test of the hypothesis that the abundance of various filter feeding 
zooplankton do not differ between the salinities evaluated. [ANOVA performed on abundance 
transformed by log (x+l)]. 


MEAN ABUNDANCE FOR JULY-DECEMBER 1979, 


FILTER SCHEFFE §$ 

FEED ING POOLED BY SALINITY F-STATISTIC! MULTIPLE CONTRAST? 
SLA 0% 2% ~~ % wW% (4,25 df) 4,6,10% versus 0,2%oo 
ROTIFERS 522 3728 11345 9503 6402 3.67% * 
(number/m~) 
COPEPOD . 
NAUPLII , 3081 13246 27765 34866 28674 3. 83%% 
(number/m™ ) 
CALANOID 
COPEPODS 2205 1829 2872 2114 3986 0.478 N.S. ca 
(number/m™ ) 


1 
* P< .05, ** P < .01, N.S. not significant 


oF 


Table 4. Mean abundances for the calanoid copepod species, pooled by salinity 
for July-December 1979 


CALANOID SALINITY 


OPEPOD 
pode 10 "hoo 6 “loo 4° 00 2°oo 0°. 


ACARTIA 
CLAUSI 2870 465 29 55 0 


(number/m* ) 


EURYTEMORA 
HIRUNDOIDES 638 1416 2154 713 463 


(number/m~) 


LIMNOCALANUS 
MACRURUS 5 478 233 689 1061 1742 
(number/m” ) 
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that has become acclimated to fresh- 
water. It is generally found in the 
deep waters of large lakes in the 
United States and Europe (Pennak 
1978). 


Of the three dominant species of 
adult calanoid copepods investigated 
during this study, only E. hirun- 
doides appears to be able to capital- 
ize on the maximum food abundances 
occurring in the entrapment zone. E. 
hirundoides is an euryhaline species. 
Caskey (1976) found E. hirundoides at 
salinities from 0 to 25 ppt, with 
most occurring at 2 to 12 ppt sa- 
linity. Arthur and Ball (1978) re- 
ported E. hirundoides to be predomi- 
nant in the area of maximum suspended 
solids concentration. Siegfried et 
al. (1976) reported that Eurytemora 
undergoes a diel vertical migration 
in the San Francisco Bay estuary. 
This behavioral adaptation could be 
important in maintaining Eurytemora 
in the entrapment zone as described 
earlier. 


The data indicated a significant 
relationship between rotifer, and 
calanoid copepod nauplii abundance, 
and salinity (Table 3) A Scheffe S 
multiple contrast of the means indi- 
cated that the abundances at 4, 6, 
and 10 ppt salinity were higher and 
significantly different than those 
at 0 and 2 ppt salinity. The occur- 
rence of maximum abundances at 10 ppt 
salinity as well as in the entrapment 
zone could be the result of the domi- 
nant species of each of these filter 
feeders migrating into the entrap- 
ment zone from higher salinities. The 
rotifer Synchaeta sp. was the most 
abundant rotifer during the study. 
Synchaeta sp. has been reported to 
occur throughout the entire estuary 
(Caskey 1976) usually in more saline 
waters (Siegfried et al. 1978). Sitts 
and Knight (1979) found Synchaeta sp. 
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abundance tended to increase with sa- 
linity over diel cycles indicating 
migration from higher salinities. 


The high number of copepod nau- 
plii at 10 ppt could be due to a 
large concentration of Acartia nau- 
plii at this salinity. They may have 
salinity tolerances similar to the 
adults, and are therefore restricted 
to the more saline water. We were 
unable to confirm this directly as 
the nauplii in this study were rot 
identified to species. 


CONCLUSIONS 


1. The entrapment zone in the San 
Francisco Bay estuary is an im- 
portant hydrodynamic feature of 
the estuary. Its formation and 
location in the estuary is regu- 
lated by the amounts of freshwa- 
ter inflow to the estuary. 


2. The concentration (mg/liter) of 
nutritionally important  com- 
pounds within the entrapment 
zone 's 2 to 4 times the concen- 
tration of that which occurs up- 
stream and downstream of this 
estuarine circulation cell. Con- 
centrations of nutritional ma- 
terials were not significantly 
different between salinity when 
compared on a mg component/mg 
suspended particulate matter in- 
dicating that the inorganic com- 
ponents are accumulating at the 
same rate as the organic matter 
in the entrapment zone. 


3. The nutritional quality of the 
particulate matter in the en- 
trapment zone is higher’ than 
that upstream or downstrean of 
the entrapment zone. 


4. Both calanoid copepod nauplii 
and rotifers occurred at high 
levels in the entrapment zone. 


The distribution of adult cal- 
anoid copepods is not positively 
correlated with the area of the 
entrapment zone. When analyzed 
by species however, Eurytemora 


hirundoides is the dominant 
adult copepod in the entrapment 
zone. The two other dominant 
species of adult copepods appear 
to be restricted from the high 
food concentrations of the en- 
trapment zone by physiolog.cal 
requirements for a higher or 
lower salinity. 


5. Since the entrapment zone ap- 
pears to be an area of high 
food abundance and high food 
quality, research should con- 
tinue into the factors control- 
ling the formation and location 
of this estuarine circulation 
cell. The entrapment zone ap- 
pears to be an important link in 
the physical, chemical, and bio- 
logical processes regulating 
productivity of the estuary. 
Continued study of the entrap- 
ment zone may help to understand 
the mechanisms’ through which 
variations in freshwater inflow 
can lead to changes in the pro- 
ductivity of the estuary. 
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DISCUSSION 


Question: Rick Sitts, Ecologi- 
cal Analysts, Concord California: Did 
you notice any difference in the car- 
bohydrate and protein contents of 
sediments when the entrapment zone 
was off the shallows of Suisun Bay 
versus when it might have been up- 
stream in the narrow channels? And 
second, do you think that food avail- 
ability is limiting the production? 


Answer: We haven't analyzed the 
data yet by location. We are doing a 
study in one of the marshes right now 
in the narrow channels. In the narrow 
channels in the marsh areas there is 
a much higher protein/carbohydrate 


than out in the major chan- 
nels. I don't have any of that data 
Organized to present yet. We haven't 
analyzed it in terms of zooplankton 
abundance and feeding rates, so I 


ratio, 


couldn't say if they are food limited 


right now or not. 


Question: Joseph Mihursky: Uni- 
versity of Maryland. Have there been 
any larval food habit studies to look 
at the larval fish utilization of the 
different zooplankton species? 


Answer: The people at the Fish 
and Wildlife Service would know that. 
The only other studies I've known in 
relation to zooplankton or other 
types of organisms in the entrapment 
zone was Jim Orci's work with Cali- 
fornia Fish and Game, and he found a 
predominance of Neomysis in the en- 
trapment zone, especially on_ the 
freshwater end. But I don't know of 
any larva! fish feedings studies that 
have been done yet. 


Question: Are there any planned 


or on the way? 
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Answer: Maybe Rick can support 
what I'll say. I know some larval 
fish work has been done before I got 
to California. 


Question: What I'm asking about 
is larval fish collections made at 
the same time zooplankton collections 
are made to go along with the addi- 
tional data you have on zooplankton 
in terms of stomach content and se- 
lection of food? 


Answer: I don't believe that 
the specific work has been done on 
selected feeding. But California 
Fish and Game has had a tow net sur- 
vey for larval stripped bass and 
eggs for a number of recent years but 
to my knowledge I don't believe they 
did the actual selective feeding-type 
analysis. I think that it would be 
very useful to do so. As Marty said, 
California Fish and Game has col- 
lected a large number of samples 
(about 4,000 stomach contents from 
1968-73), but available data is for 
1971-73, and it covers size ranges of 
striped bass from 5 to about 25 mil- 
limeters. 
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ABSTRACT 


Over twenty years of biological 
and hydrological studies in the Sac- 
ramento-San Joaquin Estuary have doc- 
umented changes in magnitude and tim- 
ing of freshwater flow associated 
with water development in the water- 
shed. These changes, coupled with 
natural fluctuations in flow, stimu~ 
late ecological relationships that 
largely control the survival and dis- 
tributions of various fish and in- 
vertebrates. Specifically, the mag- 
nitude of delta outflow and water di- 
versions are major factors control- 
ling survival of striped bass (Morone 
saxatilis) during their first two 
months of life. Likewise, annual 
abundance indices for young fall run 
chinook salmon (Oncorhynchus tshawy- 
tscha), American shad (Alosa sapidis- 
sima), and longfin smelt (Spirinchus 
thaleichthys) also increase directly 
with river flow rates during the 
spawning and nursery periods. High 
flows increase disperal of young 
fish which may decrease density de- 
pendent mortality. Overall abundance 
of opossum shrimp (Neomysis merce- 
dis), the principal food of several 
fish and invertebrates, appears to be 
reduced by salinity-incursion (lower 
flows) and increased water diver- 
sions. Salinity intrusion resulting 
from low flows also stimulates dis- 
persa! of salt-water species into 


more of the estuary, while habitat 
species is reduced. 


for freshwater 


Although previous study emphasis and 
documentation of effects of water 
development have occurred principally 
in the upper estuary, freshwater flow 
may affect biological communities in 
San Pablo and San Francisco bays too. 
A two-year study focusing on juvenile 
dungeness crab (Cancer magister) in 
these bays concluded that high spring 
runoft caused crabs cto move into more 
saline waters and probably out of the 
bay. Present studies are designed to 
examine the relationship between re- 
duced flows and bay area fishery re- 
sources in more detail. Such stud- 
ies are necessary since freshwater 
flow to the ocean has been approxi- 
mately halved since the 1800's and 
will be reduced even further in the 
future. 


INTRODUCTION 


Over twenty years of biological 
and hydrological studies in the Sac- 
ramento-San Joaquin Estuary have 
documented changes in magnitude and 
timing of freshwater flow which are 
associated with water deveiopment 
in the watershed. These changes, 
coupled with natural fluctuations in 
flow, control the survival and dis- 
tribution of various fishes and in- 
vertebrates. It is important’ to 
understand the implications of these 
changes and concomitant ecological 
relationships so intelligent manage- 
ment decisions can be made when the 


inevitable conflict between water- 
development projects and fish = and 
wildlife resources occurs. It is the 


intent of this paper to summarize the 
current knowledge of the effects of 
estuarine hydrology on fishery re- 


sources in the Sacramento-San Joaquin 


Estuary. Much of the information 
discussed was obtained from studies 
completed as part of a four-agency 
(California Department of Fish and 


Game, 
Resources, 


California Department of Water 
U.S. Fish and Wildlife 
Service, and U.S. Water and Power 
Resources Service) agreement. The 
water development agencies finance 

oughly two-thirds of the biologi- 
cal research and also conduct their 
own studies on hydrological and water 
quality impacts on project opera- 
tions. Part of this work was funded 
by Dingell-Johnson Project, Califor- 
nia F-9-R, "A Study of Sturgeon, 
Striped Bass, and Resident Fishes", 
supported by Federal Aid to Fish Res- 
toration funds. 


DESCRIPTION OF ESTUARY 


The confluence of the Sacramento 
and San Joaquin river systems forms 
a complex estuary characterized by 
interconnected embayments, sloughs, 
marshes, channels, and rivers (Figure 


1). 


The delta forms the eastern- 
most portion of the estuary. It is 
bounded by the Sacramento River on 


the north and by the San Joaquin Riv- 
er on the south. Approximately 1,130 
km (702 miles) of channels interlace 
this triangularly shaped area _ and 
surround large cultivated islands 
that were reclaimed from naturally 
occurring marshes in the late nine- 
tenth and early twentieth centuries. 


These channels vary in width from 
about 50 m (164 ft) to 1.5 km (0.93 
miles) and are generally less than 


15 m (50 ft) deep. 
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Suisun, San Pablo, and San Fran- 


cisco bays are to the west of the 
delta. They cover, an area of about 
1,125 km” (434 mi-). The bays are 


relatively shallow, with a mean depth 
of 6 m (20 ft) at mean low water, al- 
though they are incised by narrow 
channels (natural and dredged) that 
are typically 10 to 20 m (32 to 65 
ft) deep. The deepest sections of 
channel (e.g. Golden Gate, 110 m [360 
ft} and Carquinez Strait, 27 m [88 
ft]) are topographic constrictions 
whose depths appear to be maintained 
by tidal currents (Conomos 1979). 


The estuary has a Mediterranean 
climate. The San Francisco Bay area 


is dominated by the ocean and there- 


fore is characterized by warm win- 
ters, cool summers, and minimal sea- 
sonal temperature variation. Average 


July air temperature is 15°C (59°F) 
while average January temperature is 
10°C (50°F). The ocean's influence 
is modified with increasing distance 
inland. The delta area has a con- 
tinental climate with a mean July air 


temperature at Stockton of 23°C 
(73°F) and a mean January temperature 
of 7°C (45°F). Kelley (1966) de- 


scribes the estuary in detail. 


The estugry receives gunoft from 
a 163,000 km (63,000 mi) drainage 
basin which covers 40 percent of the 
land area of California (Conomos 
1979). Inflow into the system is 
highly seasonal and is composed pri- 
marily of rain runoff during winter 
and snowmelt runoff during early sum- 


mer (Figure 2). The annual natural 
flow through the, estuary would aver 

age about 34 km (27.6 X 10° acre- 
ft), but consumptive uses and diver- 
sions in and stream from the delta 
have halved this amount. Ninety 
percent of the fresh water that en- 


ters the bay passes through the delta 
(Porterfield et al. 1961) and Car- 
quinez Strait. Delta outflow is not 
measured directly but relative values 
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Seasonal changes in salinity 
distributions within the system re- 
sult from tidal exchange and river 
inflow. River inflow varies widely 
so it has a greater system-wide sea- 
sonal effect (Conomos 1979). San 
Francisco Bay is usually nearly as 
saline as the ocean. The gradient 
from sea to fresh water generally be- 
gins in San Pablo Bay and extends 
about 80 km (50 mi) to the western 
delta. This longitudinal salinity 
gradient ranges from 30 ppt at the 
Golden Gate to less than 1 ppt at the 
Delta. The general region of the 
gradient where the landward flow of 
seawater compensates the seaward flow 
of fresh water has been termed the 


"null zone" (Conomos and _ Peterson 
1974, Peterson et al. 1975). In 
about the same general region oc- 


cupied by the null zone certain sus- 
pended materials (including the bio- 
ta) accumulate in what has_ been 
termed the "entrapment zone" (Arthur 
and Ball 1978). The location of this 


area is largely dependent upon the 
amount of freshwater flow, but is 
usually in Suisun Bay during the 


spring through fall period. 


Nontidal currents in the estuary 
are generated by winds and river 
flow. Velocities of such currents are 
one-tenth those of tidal currents, 
yet they are important in transport- 
ing dissolved and particulate sub- 
stances into and from the bay (Cono- 
mos 1979). These landward-flowing 
bottom currents are driven by gravi- 
tational circulation and are affected 
by the magnitude of delta outflow. 
These currents are strongest and most 
consistent in the central and north- 
ern reaches of the bay because of the 
influence of the delta outflows and 
greater stratification which occurs 
there (Peterson et al. 1975). Grav- 
itational circulation is much weaker 
in South Bay since there are few 
freshwater inputs in that part of the 
system. Other high outflow related 
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processes such as "increased dilution 
discharge" and increased baroclinic 
circulation enhance circulation there 
(Fischer and Kirkland 1978). 


Increased demand for domestic 
and agricultural water in the more 
arid southern part of the State has 
resulted in the construction of large 
State and Federal water development 
projects. These projects have al- 
tered the hydrology of the estuary 
through dam and reservior construc- 
tion, estuarine and upstream diver- 
sions, and transport facility con- 
struction and operation. The San Joa- 
quin drainage has been almost com- 
pletely developed for upstream use. 
Development of the Sacramento system 
has been designed to transport water 
through the delta for use in the 
south. Inflows from the two river 
systems into the delta are not equal. 
From 1970 to 1975 an average of 88 
percent of the inflow to the delta 
came from the Sacremento River. 


Water is exported to the south 
by two large pumping plants in the 
southwestern delta (Figure 1). These 
plants, built by the U.S. Water and 
Power Resources Service and the Cali- 
fornia Department of Water Resources 
have 4 combined pumping capacity of 
300 m/s (10,500 cfs). Typical ex- 
port rates substantially exceed the 
flow of the San Joaquin River; there- 
fore most water comes from the Sacra- 
mento River. Sacramento River water 
must pass through channels too smal] 
to carry the required = diversion 
flows,, so export rates greater than 


100 m/s (3,500 cfs) draw water up 
the San Joaquin River and _ delta 
channels from their junctions with 


the Sacramento River. Such net up- 
stream flows in the San Joaquin Riv- 
er are typical in the spring, except 
in wet years, and in the summer and 
fall of all years. 


EFFECTS OF DIVERSIONS AND FRESH-WATER 


FLOW ON FISHERIES 


Changes in distributions and 
survival of various fish and inverte- 
brates in the Sacramento-San Joaquin 
Estuary have occurred in response to 
direct and indirect effects of diver- 
sions and project-altered amounts of 
freshwater flow. 


Direct Effects of Diversions 


The most. obvious’ biological 
impact of the water projects is the 
transport of young fish and pelagic 
fish eggs to the diversion sites. 
Attempts are made to "salvage" the 
large numbers of fish which arrive 
at the pump facilities each year. 
Annual "salvage" estimates for 1968- 
1979 have ranged up to 42 million 
striped bass (Morone saxatilis), 4 
million American shad (Alosa sapidis- 
sima), 500,000 chinook salmon (Oncor- 
hynchus tshawytscha), and 18 million 


individuals of 43 other’ species 
(Stevens and Chadwick 1979). Un- 
fortunately, due to behavioral pecu- 


liarities or poor swimming ability, 
many more fish are not salvaged be- 
cause they pass through the project 
louver screens. Skinner (1974) esti- 
mated that 31 percent of the striped 
bass, 25 percent of the chinook salm- 
on, and 78 percent of the white cat- 
fish (Ictalurus catus) were lost 
through the screens. The estimate for 
striped bass is a minimum because 
Skinner's estimates did not include 
larvae, for which louvers are entire- 
ly ineffective. Additional losses of 
"salvaged" fish which occur during 
holding, trucking, and release have 
not been thoroughly evaluated, but 
they probably are substantial. Pre- 
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liminary information suggests. that 
handling and trucking causes mortal- 
ity on the order of 20 to 60 percent. 


From 1959 to 1976 variations in 
survival of young striped bass were 
directly correlated with variations 
in river flow and inversely cor- 
related with rates at which water was 
diverted from the delta by local 
agriculture and Federal and State wa- 
ter projects (Chadwick et al. 1977). 
Abundance of young bass was reduced 
as outflows decreased and as diver- 
sion rates increased apparently be- 
cause the diversions removed a great- 
er fraction of the flow and fish 
when flows were not high enough to 
transport the young fish to Suisun 
Bay. We concluded (Chadwick et al. 
1977) that diversions acted as a den- 
sity-independent source of mortality, 
actually cropping a portion of the 
population during the first’ few 
months of life. However, in 1977, 
1978, and 1979 young bass abundance 
indices averaged 32 percent lower 
than expected from the prior rela- 
tionships between abundance, flow, 
and diversion rates. Hence, some ad- 
ditional factor(s) has caused recent 
abundance to fall below levels ac- 
counted for by the analysis for pre- 
vious years and at present we can not 
explain why. 


Indirect Effects of Diversions 


Several examples of indirectef- 
fects of diversions which adversely 


impact the Sacramento-San Joaquin 
fishery resources have been docu- 
mented. (1) Flow reversals, asso- 
ciated with pumping in the south 


delta, cause young and adult anad- 
romous fish to migrate across’ the 
delta toward the pumps, rather than 
through the delta to the ocean. Such 
deviation from direct migration 


routes to the ocean apparently leads 
to increased mortality of young salm- 
on (Kjelson et al. 1981) and probably 
other species. (2) A few post-spawn- 
ing adult striped bass, American 
shad, and white sturgeon (Acipenser 
transmontanus) follow these flows to 
the trashracks at the salvage facili- 
ties (Stevens and Chadwick 1979). 
Here these fish fight the current 
until they die of exhaustion. (3) 
Starting in 1961, salmon runs of the 
San Joaquin, but not of the Sacra- 
mento, suffered a disastrous collapse 
due in part to delayed migration re- 
sulting from poor water conditions 
and flow reversal in the San Joaquin 
part of the delta. Salmon orienta- 
tion apparently was affected by the 
large flow of Sacramento River water 
which was diverted through various 
delta channels and sloughs (Hallock 
et al. 1970). (4) Export pumping 
increases flow velocities in channels 
that carry Sacramento River water 
across the delta to the _ pumping 
plants. This results in reduced 
Standing crops of important fish food 


Organisms, benthos, and zooplankton 
such as copepods, cladocerans, and 
Neomysis mercedis (Hazel and Kelley 
1966; Turner 1966; Heubach 1969). 


High flow velocities depress popula- 
tions of benthic organisms because 
sandy channel bottoms become un- 
stable, and plankton populations do 
not get a chance to grow when "resi- 
dence times" are short. 


Amount of Freshwater Flow 


The amount of freshwater flow 
passing seaward through the delta af- 
fects the distribution of fish and 
fish food organisms in the estuary. 
For example; (1) The proportion of 
young striped bass in downstream 
nursery areas increases as flow in- 
creases (Turner and Chadwick 1972). 
(2) The opossum shrimp (Neomysis 


mercedis) is hydraulically and be- 
haviorally concentrated just upstream 
of the "entrapment zone." Since the 
zone's location moves in relation to 
flow, changes in shrimp distributions 
also occur (Orsi and Knutson 1979). 
(3) River flow controls the distri- 
bution of young salmon, shad, and 
longfin smelt (Spirinchus thaleich- 
thys) in the system because high 


flows disperse them to downstream 
areas (Stevens and Miller, Calif. 
Dept. Fish and Game MS; Kjelson et 


al. 1981). (4) Ongoing studies in 
central and south San Francisco Bay 
indicate that freshwater flow-related 
bay circulation affects the distri- 


bution of English sole (Parophrys 
vetulus). Stronger and more consis- 
tent bottom flows in the northern 


area generally cause more  ocean- 
spawned young sole to be swept into 
North Bay than to the South Bay where 
gravitational circulation is less. 
However, from 1980 data (Figure 3), 
we hypothesize that high flows (high 
enough to initiate baroclinic circu- 
lation) may disperse sole in the bay 
by carrying greater numbers of young 
into the South Bay. (5) In response 
to large delta outflows and _ subse- 
quent reduced salinities throughout 
the bay, dungeness crabs (Cancer 
magister) consolidate in areas of 
salinity greater than 10 ppt before 
emigrating out of the bay (Tasto, 
Calif. Dept. Fish and Game MS). This 
flow-regulated consolidation occurs 
in April-May and by the end of summer 
movement out of the bay and mortality 
account for the loss of greater than 
90 percent of the outgoing class. (6) 
The species composition of fish in 
the Suisun and Napa Marsh sloughs 
varies with salinity and flow (Figure 
4). During a 19/5 to 1978 survey of 
10 sloughs in these marshes, we col- 
lected 40 freshwater, estuarine 
(euryhaline or anadromous), and ma- 
rine species (Table 1). Salinity 
increased substantially in both 
marshes in 1977 due to a prolonged 
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drought. In the Suisan Marsh the 
salinity increase caused abundance of 
freshwater fish to decrease markedly 
and abundance of marine species to 
increase slightly. In the Napa Marsh, 
except during high freshwater flows 
in winter, salinities always were in- 
tolerable to most freshwater species 
so their abundance always was low. 
The low abundance of estuarine spe- 
cies in the Napa Marsh in 1976 and 
1977 was striking. Possibly this re- 
flected low "dispersion flows" rather 
than salinity tolerances. As ex- 
pected, marine species increased in 
the Napa Marsh in 1976 as salinity 
was increasing during the first year 
of the drought. However, abundance 
of marine fishes decreased in 1977 
even though salinity was higher then. 
Apparently other factors limited the 
invasion of the marsh by marine spe- 
cies that year. 


The amount of freshwater flow 
also affects the abundance of fish 
and their food organisms. As_ ex- 
plained previously, from 1959 to 1976 
young-of-the-year striped bass abun- 
dance indices were directly cor- 
related with flow (Turner and Chad- 
wick 1972; Chadwick et al. 1977). 
Also, increased survival associated 
with increased flow was a major fac- 
tor affecting abundance of recruits 
3 years later (Figure 5) (Stevens 
1977). 


Abundance indices for young fall 
run chinook salmon, American shad, 
and longfin smelt are highly cor- 
related with river flow rates during 
spawning and nursery months (Stevens 
and Miller, Calif. Dept. Fish and 
Game MS). Likewise, a multiple re- 
gression analysis for data collected 
during 1969 through 1978, indicates 
that 88 percent of the variation in 
N. mercedis abundance is due to sa- 


linity near Pittsburg (a reflection 


of the magnitude of delta outflow) 


and mean chlorophyll a concentration 
(Knutson and Orsi Calif. Dept. Fish 
and Game MS). 


The relationships between dis- 
tribution and survival of the various 
species and amounts of freshwater 
flow are potentially caused by sev- 
eral mechanisms, the importance of 
which may vary among the _ species. 
These mechanisms include: (1) Flow- 
regulated transportation towards or 
away from diversions: Increased flows 
carry young fish seaward thus de- 
creasing their vulnerability to di- 
version. (2) Increased habitat avail- 
ability: Increased flows disperse 
young fish into areas not otherwise 
available, probably resulting in de- 
creased inter- and intraspecific com- 
petition and less predation than when 
the young fish are concentrated in a 
smaller part of the river system. (3) 
Increased food availability: In the 
estuary, nutrient supplies which form 
the basis of the food chain may in- 
crease with flow, causing increased 
productivity (Turner and Chadwick 
1972). Also, productivity of the en- 
trapment zone (Ball 1977, Arthur and 
Ball 1978) and abundance of a major 
food organism (Neomysis’ mercedis), 
for fish are affected by the location 
of the salinity gradient which is 
determined by flow (Knutson and Orsi, 
Calif. Dept. Fish and Game MS). (4) 
Suitability of spawning habitat: Ex- 
tremely low flows such as in 1977 re- 
duce striped bass spawning habitat 
because salinity intrudes into the 
delta and water in the San Joaquin 
River upstream from the delta is of 
poor quality due to a high proportion 
of the flow being formed by agricul- 
ture waste water. Secondly, in the 
river above the delta, salmon mortal- 
ity probably increases when reduced 
flows cause redds to become exposed 
(Stevens and Miller, Calif. Dept. 
Fish and Game MS). 
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Table 1. Classification of fishes collected in the Suisun 
ter, estuarine, and marine groups. 


and Napa Marshes in 1975-78 into freshwa- 


Freshwater 


Carp 
Cyprinus carpio 


Sacramento squawfish 
Ptychocheilus grandis 


Sacramento blackfish 
Orthodon microlepidotus 


Hitch 
Lavinia exilicauda 


Goldfish 
Carassius auratus 


Sacramento sucker 
Catostomus occidentalis 


White catfish 
Ictalurus catus 


Brown Bullhead 
Ictalurus nebulosis 


Black bullhead 
Icta_'1rus melas 


Channel catfish 
Ictalurus punctatus 


Prickly sculpin 
Cottus asper 


Estuarine 


Striped bass 
Morone saxatilis 


Splittail 
Pogonichthys macrolepidotus 


Threadfin shad 
Dorosoma petenense 


American shad 
Alosa sapidissima 


Starry flounder 
Platichthys stellatus 


Tule perch 
Hysterocarpus traski 


Yellowfin goby 
Acanthogobius flavimanus 


Delta smelt 
Hypomesus transpacificus 


Longfin smelt 
Spirinchus thaleichthys 


Threespine stickleback 
Gasterosteus aculeatus 


Steelhead rainbow trout 
Salmo gairdneri 


vO 


Marine 


Pacific herring 
Clupea harengus pallasi 


Speckled sanddab 
Citharichthys stigmaeus 


California halibut 
Paralichthys californicus 


Shiner perch 
Cymatogaster aggregata 


Pile perch 
Rhacochilus vacca 


Surf smelt 
Hypomesus pretiosus 


Northern anchovy 
Engraulis mordax 


White croaker 
Genyonemus lineatus 


Bay pipefish 
Syngnathus griseolineatus 


Pacific tomcod 
Microgadus proximus 


Plainfin midshipman 
Porichthys notatus 
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Table 1. Continued 


Freshwater 


Black crappie 
Pomoxis nigromaculatus 


Bluegill 
Lepomis macrochirus 


Sacramento perch 
Ambloplites rupestris 


Largemouth bass 
Micropterus salmoides 


Mosquitofish 
Gambusia affinis 


Estuarine 


White sturgeon 


Acipenser transmontanus 


¥/ 


Marine 


Pacific staghorn sculpin 
Leptocottus armatus 
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FUTURE ACTIVITIES 


Since the turn of the century, 
freshwater flows into the estuary 
have been substantially reduced in 
fall, winter, and spring while summer 
flows have increased slightly. Over- 
all flow reductions are projected to 
continue (Figure 6) and will impact 
the estuarine ecosystem. To date 
documentation of the importance of 
freshwater flow in this sy tem has 
been concentrated in the f.esh and 
brackish water areas; however, stud- 
ies to evaluate potential adverse ef- 
fects in the saltier San Francisco 
and San Pablo bays is justified by 
many unanswered questions about the 
biological-hydrological dynamics of 
the total system. Hence, our depart- 
ment, in conjunction with the other 
three Ecological Program agencies has 
initiated a long-term study to deter- 
mine the importance of freshwater 
flow for San Francisco and San Pablo 
Bay fish and wildlife resources. 


The Delta Outflow/San Francisco 
Bay Study will concentrate on how 
outflow-related changes in hydraulics 
and salinity will affect fish and 
wildlife distributions and survival 
in San Francisco and San Pablo bays. 
The objectives will be met initially 
by carrying out seven field and ana- 
lytically oriented study elements. 
The program will investigate the ef- 
fects of reduced flow on circulation 
patterns, salinity gradients, nutri- 
ents, organic detritus, suspended 
sediments, and silt loads. Simple 
field techniques (e.g. drouges, etc.) 
will be used to investigate current 
patterns and attempts will be made to 
improve the technical understanding 
of existing simulation models (both 
physical and numerical) and the estu- 
ary. We anticipate that the improved 
understanding of the hydraulics of 
the bay and delta and the importance 
of that to the biological systems 


will allow us to project the effect 
of various hydraulic schemes on bay 
fish and wildlife. 


The biological components of our 
program include a monthly field sam- 
pling effort to obtain information on 
fish and invertebrate population dy- 
namics and distributions at 35 loca- 
tions in the system. Adult fish 
are sampled with otter and midwater 
trawls; larval fish, fish eggs, and 
some invertebrates are collected with 
an egg and larval net; and beach 
seine samples are taken at 28 sites 
along the shoreline. Information 
collected includes species composi- 
tion, size distributions, and food 
habits. A major component of the in- 
vestigation will be the development 
of abundance indices for Crangon and 
Pala-mon shrimp. These shrimp in- 
dices will be used as an indicator of 
the health of the system, as it is 
perturbated by flow alterations. 


The Delta Outflow/San Francisco 
Bay Study is scheduled to continue 
for at least six years. During this 
time the program undoubtedly will 
evolve in response to early findings. 
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DISCUSSION 

Question: Norm Benson, Fish 
and Wildlife Service: Perry, when 
you say habitat availability has 
increased, you mean by the size of 


the entrapment zone? 


Answer: When large amounts of 
freshwater moves into the system, it 
moves into the system, the location 
of the entrapment zone moves further 
towards Suisun Bay and San Pablo Bay. 
If you remember the map, those areas 
are flatter and broader; therefore, 
the actual area of the zone is in- 
creased. During low flow years, like 
16-77, the entrapment zone was up in 
the nar ow river channel where the 
area is i10t nearly as great. Another 
factor is some of the salmon work 
that Stevens and Miller have been 
working on. This work shows’ that 
those increased flows also improve 
the areas where fish are spawning. 
So outflow inproves that habitat as 
well as incr ases the area available 
for fish. 
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ABSTRACT 


This paper describes present 
knowledge regarding the influence of 
freshwater inflow on the survival, 
abundance, migration and rearing of 
chinook salmon in the upstream (del- 
ta) portion of the Sacramento-San 
Joaquin Estuary. Preliminary results 
indicate that additional inflow at 
the appropriate time will increase 
the numbers of fry and juvenile salm- 
on using the estuary and the survival 
of juveniles in the estuary. Results 
are based on seine and trawl surveys, 
salmon collections at water diversion 
fish screens, and mark-recapture 
techniques. Flow-related concerns 
for salmon in the estuary stem from 
(1) water development activities that 
have altered the distribution of flow 
resulting in impacts on young and 
adult migration, and (2) the lack of 
comprehensive flow standards with 
which to protect salmon. Future ef- 
forts to better quantify salmon flow 
needs include long-term seine and 
trawl surveys in both the upper and 
lower portions of the estuary, as 
well as intensive, replicated marking 
experiments done under varied flow 
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conditions and supported by estua- 
rine, ocean and inland recovery pro- 
grams. 


INTRODUCTION 


Freshwater inflow is a dominant 
factor that influences’ the _ char- 
acter of estuaries and in turn their 
ability to provide for the life his- 
tory needs of anadromous’ salmonids 
that use these systems for migration 
and rearing. 


Chinook salmon and_e steelhead 
trout (Salmo gairdneri) are the prin- 
cipal salmonids utilizing the Sacra- 
mento-San Joaquin Estuary. On a 
price-per-pound basis, chinook are 
the most valuable of the Pacific sal- 
mon, and only the Columbia River sys- 
tem produces more than California's 
Central Valley rivers (California De- 
partment of Fish and Game 1976). 
These California rivers supply about 
75 percent of the state's ocean com- 
mercial catch of over 500,000 chinook 
and probably contribute a similar 
fraction to both the ocean and inland 
sport fishery harvest of more than 


125,000 fish annually (Ganssle 1962, 
California Department of Fish and 
Game 1976). 


Specific information document- 
ing the importance of freshwater in- 


flow to chinook salmon while in- 
habiting the estuary has been 
limited. Recent studies, designed to 


define the impacts of water develop- 
ment on the estuary's fish and wild- 
life resources, have provided new 
information regarding the importance 
of freshwater flows to salmon. More 
information, however, is needed to 
develop a sound management program 
that best meets salmon life history 
needs. These studies have concen- 
trated on the upper (Sacramento-San 
Joaquin Delta) portion of the estu- 
ary (Figure 1). Only recently, 1980, 
has data specific to salmon been 
collected from the lower (San Fran- 


cisco-San Pablo bays) portion of 
the system. 
The purpose of this paper is 


(1) to summarize our present knowl- 
edge of the influences of fresh- 
water inflow to chinook salmon in 
the Sacramento-San Joaquin Estuary, 
(2) to describe the methods utilized 
to obtain this knowledge, and (3) 


to summarize our present estuarine 
research activities with chinook 
salmon. 

Most of the information dis- 
cussed within this paper is based 
upon studies completed and planned 
as part of the cooperative (Four 
Agency) Ecological Study Program 
for the Sacramento-San Joaquin Es- 
tuary between the California De- 
partment of Fish and Game (CFG), 
California Department of Water Re- 
sources, United States Fish and 
Wildlife Service and the United 
States Water and Power Resources 
Service. While our paper is specif- 
ic to chinook salmon/flow relation- 


ships, a more general review of 
fishery resources in the Sacramento- 
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San Joaquin System is provided by 
Herrgesell et al. (1981) in the pro- 
ceedings of this symposium. 


LIFE HISTORY OF CHINOOK SALMON 


Chinook salmon are _ anadromous 
fish, spawning in fresh water and 
spending much of their life in salt- 
water. Eggs are buried in stream 
gravel associated with rapid current. 
Depending on water temperature, eggs 
hatch after approximately 50 to 60 
days incubation, and the fry move up 
through and emerge from the gravel 
in about 30 days. There is consider- 
able variation as to the time of 
downstream movement with some fish 
initiating migration as soon as they 
emerge while others remain upstream 
for more than a year. 


Residence time in the estuary 
prior to their movement to sea also 
is variable with some fish using it 
for rearing while others pass through 
quickly. Chinook generally remain in 
the ocean from one to four years. 
Following maturation, salmon move up- 
stream through the estuary and spawn, 
usually in the same drainage system 
from which they hatched as_ young. 
Chinook adults die following spawning 
(for futher review see Heubach 1968, 
Jensen 1972, and California Fish and 
Game 1976). 


Over 90 percent of the Central 
Valley's chinook are produced in the 
Sacramento River system (California 
Department of Fish and Game 1976). 
Four major runs (fall, late fall, 
winter, and spring) identified by the 
season in which upmigration = and 
Spawning occurs, spawn in the Sacra- 
mento system (Hallock and Fry 1967). 
Figure 2 provides a description of 
the timing of migration for the fall, 
winter, and spring runs. While less 
well understood, the late fall run 
appears to follow a_= similar pat- 
tern to that of the fall run, but 
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Figure 1. 


The Sacramento-San Joaquin Estuary, California. 
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Figure 2. Seasonal migrations and spawning periods of three major runs of Sacramento River chinook 
salmon in the Sacramento-San Joaquin Estuary. 
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is approximately a month later. The 
Sacramento fall run is largest in 
numbers (140,000 to 300,000 between 
1964 and 1977). The San Joaquin Riv- 
er systems supports only a fall run. 


Numbers since 1973 were less’' than 
10,000 fish (Hoopaugh and Knutson 
1979). The assemblage of runs re- 


sults in salmon inhabiting both the 
estuary and river habitats in the 
Central Valley throughout the year. 


STUDY AREA 


The Sacramento-San Joaquin Estu- 
ary is formed by the Sacramento and 
San Joaquin Rivers joining and flow- 
ing through a series of embayments to 
the Pacific Ocean. These rivers com- 
prise the two major drainage systems 
of California's Central Valley. The 
large lowland area formed by _ the 
junction of these two rivers is known 
as the Sacramento-San Joaquin Delta. 
The delta is triangular in shape and 
is bounded by Sacramento on_ the 
north, Pittsburg on the west and the 
easternmost point of the San Joaquin 
River as shown in Figure 1. 


The delta is composed of 298,660 
hectares (738,000 acres) of land and 
water. There are 1,130 kilometers 
(700 miles) of navigable channels and 
30 large, leveed below-sea-level is- 
lands. Tidal action occurs to the 
upstream limit of the delta. Some 
delta channels are edged by narrow 
stretches of intertidal marsh _ but 
most of them have steep banks of mud 
and riprap. Delta levees are covered 
by riparian vegetation. Detailed 
descriptions of both the upper 
(delta) and lower (bays) portions of 
the estuary are provided by Kelley 
(1966), Skinner (1962) and Conomos 
(1979) as well as by Herrgesell et 
al. (1981) and other authors in the 
proceedings of this symposium. 
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WATER DEVELOPMENT 


Water development projects in 
California have caused major changes 
in the flow patterns within the estu- 
ary and the amount of flow entering 
the ocean. One result of upstream 
development is that the average an- 
nual freshwater flow to the ocean 
from the Sacramento-San Joaquin sys- 
tem has been halved since the 1800's. 
Most of the water in the San Joaquin 
system is captured and utilized in 
upstream areas, while development on 
the Sacramento has been designed for 
both upstream use and the transport 
of water through the delta to more 
southern parts of California. Ninety 
percent of the freshwater inflow to 
the estuary is from the Sacramento 
River. 


Presently, water is exported to 
the south by pumping plants in the 
southern delta (Figure 1) operated 
by the Central Valley Project (CVP) 
of the Federal Water and Power Re- 
sources Service and the State Water 
Project (SWP) of the California De- 
partment of Water Resources. Typical 
export rates substantially exceed 
the flow of the San Joaquin River, 
hence most of the San Joaquin flow 
goes to the pumps. Remaining export 
needs are met by diversions from the 
Sacramento River. A part of the 
flow from the Sacramento crosses the 
delta through channels upstream from 
the mouth of the San Joaquin. The 
dimensions of these channels are too 
small to carry larger flows, so at 
higher export rates water is drawn up 
the San Joaquin from its junction 
with the Sacramento. Such net up- 
stream flows (reverse flows) in the 


San Joaquin are typical in_ the 
spring, except in wet years, and in 
the summer and fall of all years 


(Chadwick et al. 1977). 


Future water development plans, 
as authorized under recent State 
legislation (Senate Bill 200, signed 


July, 1980), include construction of 
additional upstream storage reser- 
voirs and a peripheral canal. The 


Peripheral Canal Project is designed 
to divert water at a maximum of ,ap~ 
proximately 650 m/s (23,000 ft~/s) 
from the Sacramento River at Hood 
and transport it around the eastern 
edge of the delta to the pumps in the 
southern delta (Figure 1). Move de- 
tailed discussion of water develop- 
ment in the estuary is provided by 
the California Department of Water 
Resources (1978). 


Such water development has al- 
tered and will continue to alter the 
character of freshwater inflow to the 
Sacramento-San Joaquin Estuary. These 
alterations have the potential 
change the survival of chinook salmon 
and may affect the adult population 
size. Water development impacts on 
salmon in more upstream waters have 
been more obvious, particularly those 
relating to dam construction where 
large amounts of spawning and rear- 
ing habitat have simply been lost. 
The operations of delta water devel- 
opment facilities influence estuarine 
migrations of young and adults as 
well as estuarine rearing by juve- 
niles. 


to 


RESULTS AND FUTURE STUDIES 


Our knowledge concerning the in- 
fluence of freshwater inflow on chi- 
nook salmon populations in the Cen- 
tral Valley has been obtained through 
observations of the annual and sea- 
sonal variation in salmon abundance, 
migration and survive: as the magni- 
tude, distribution and quality of 
river flow has fluctuated. Changes 
in the character of freshwater inflow 
is the result of both variation in 
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natural weather patterns and opera- 
tions of water development projects 
in upstream and estuarine waters. An- 
nual and spring variation in the 
quantity of freshwater inflow to the 
estuary is primarily influenced by 
annual weather patterns. Summer in- 
flow is influenced most by project 
reservoir releases. However, a pe- 
ripheral canal and additional up- 
stream storage reservoirs would 
temper both the annual and seasonal 
inflow variation considerably. The 
distribution of flow in the various 
channels of the delta is presently 
altered by the design and operation 
of the State and Federal water proj- 
ects. The quality of inflow is 
influenced by natural weather pat- 
terns and water project operations 
through their impact on flow magni- 
tude which affects dilution of munic- 
ipal, agricultural and_ industrial 
discharges, particulariy in the San 
Joaquin drainage. 


The major goals of our salmon 
studies are: (1) to define the im- 
pacts of water development upon es- 


tuarine salmon population and (2) 
to document the water quality re- 
quirements (including flow _ stan- 


dards) that salmon need to both sus- 
tain and enhance their populations. 
Past experience with striped bass 
has emphasized that only’ though 
long-term efforts can we expect to 
achieve such goals (Chadwick 1977). 
Present delta water quality stan- 
dards, set by the State Water Re- 
sources Control Board (Johns 1981) 
provide some protection for salmon, 
but are limited by our incomplete 
knowledge. 


VARIATION IN THE QUANTITY OF FLOW 


Fry Migration to the Estuary 


Spring seine surveys in_ the 
delta and the resulting weekly abun- 
dance index based on the mean number 


of fish per haul, indicate that peak 
catches of salmon fry often follow 
flow increases associated with storm 
runoff (Figure 3). This information 
Suggests that flow surges influence 
the numbers of fry that migrate from 
upper river spawning grounds into the 
estuary. Hence, increased flow velo- 
cities associated with high runoff 
apparently increase the rate of mi- 
gration for fry. 


Regression analysis’ indicated 
that there was a significant rela- 
tion between the mean monthly in- 
dex of fry abundance and mean month- 
ly inflow to the delta. However, 
flow only accounted for 30 percent of 
the variation in the abundance index. 
Data from 1980 appear biased downward 
since, although it was an extremely 
high flow year, salmon were observed 
in San Francisco and San Pablo Bays 
but these numbers are not reflected 
in the index. Hence, the number of 
salmon in the estuary might be more 
closely related to flow than indi- 
cated by the regression. Neverthe- 
less, the total number of fry that 
potentially migrate to the estuary 
and rear there prior to their en- 
trance to the sea appears to be in- 
fluenced by a variety of factors. 


Many of these factors appear to 
be associated with the rivers above 
the estuary. The number of _ fry 
available for estuarine rearing may 
be influenced by the number of fall 
spawners (Painter et al. 1977), 
spawning and incubation flows (Stev- 
ens and Miller, CFG unpublished MS), 
and the numbers of fish already using 
upper river rearing habitat as new 
fry emerge (Reimers 1968). The low 
numbers of fry in the delta during 
the drought of 1977 and moderate num- 
bers in 1978 (Figure 3) may be pri- 
marily due to the poor spawning and 
incubation flows that existed in the 
fall of 1976 and 1977, respectively. 
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Our present and future mark- 
recapture studies, and seining and 
trawling surveys emphasize study of 
the effects of freshwater inflow on 
fry migrations and comparions between 
the survival of estuarine- and river- 
reared fry. The latter will help es- 
tablish the importance of estuarine 
rearing to adult stock abundance. 
Fish are marked with adipose fin 
clips and implanted with coded wire 
nose tags (CWT) (Jeffers et al. 1963; 
Opdycke and Zajac 1980), which have 
been successfully used with fry as 
small as 45 mm. Clipping the adipose 
fin allows for identification later. 
Releases are being made in the upper 
river and estuary. Marked juveniles 
are recovered during our routine 
seine and trawl surveys in the estu- 
ary, and adults by sampling in the 
ocean fishery and at hatcheries. 


Additional studies have been 
initiated in San Pablo and San Fran- 
cisco Bays to document the freshwater 
requirements in the lower estuary. 
We know that salmon use the bays as 
a migration route, but the extent of 
rearing there is unknown. As _ noted 
earlier, salmon fry were observed in 
the central part of San Francisco Bay 
following large river flows during 
January and February 1980. Salini- 
ties were up to 26 ppt. A release 
of 50,000 fry, marked with CWIs, was 
made in the Central Bay during this 


period. Four of these fish were re- 
covered in the bay several weeks 
later. Survival estimates of these 


fish will be made from data on ocean 
recoveries beginning in 1981. A por- 
tion of the future field work in 1981 
by the Four Agency's San Francisco 
Bay Study Program (see Herrgesell et 
al. 1981, for details) is designed to 
document the distribution and rela- 
tive abundance of salmon in the bay 
via surface trawl and beach seine 
surveys on a year round basis. 
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Figure 3. Sacramento River inflow to the Sacramento-San Joaquin Delta at 
Sacramento and chinook salmon seine indices for the years 1974 and 1977 
through 1980. The abundance indices for salmon fry were determined by weekly 
seine surveys throughout the Delta. 1 cfs = 0.03 m 
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Juvenile Abundance in the Delta 


Flows in the upper Sacramento 
and San Joaquin rivers during spawn- 
ing and nursery periods apparently 
influence the numbers of juvenile 
chinook surviving to migrate to the 
delta. This conclusion is’ based 
first on correlations between annual 
abundance indices for chinook and in- 
flow to the delta (Stevens and Mil- 
ler, CFG unpublished MS). December 
and January appeared to be the most 
important months. The abundance 
indices are based upon catches at the 
State/Federal fish screens in _ the 
south delta from April to June and 
from an annual delta midwater trawl 
survey (September to December). 


Secondly, observations made in 
the San Joaquin system between 1957 
and 1973 indicate that numbers of 
chinook spawners are influenced by 
the amount of river flow during the 
nursery and downstream migration pe- 
riod (March to June) 2.5 years earli- 
er (Figure 4). Thus, it appears that 
flow affects juvenile survival which 
in turn affects adult abundance. 
Several factors may cause this rela- 
tion between abundance and flow. Dams 
and diversions have reduced flows to 
near minimum levels in most years in 
the San Joaquin drainage and the high 
water temperatures that occur concur- 
rently kill many juvenile’ salmon 
(California Department of Fish and 
Game 1976). Hence, the earlier these 
downstream migrants leave the spawn- 
ing grounds the better their chance 
of reaching the estuary. Juveniles 
entering the estuary early in their 
development may also require addi- 
tional growth before migrating to 
salt water which suggests that con- 
ditions in the estuary may be im- 
portant for at least part of the San 
Joaquin downstream migrants. One 
major factor in the delta may be 


pumping by the State and Federal wa- 
ter projects. 


Probably a high frac- 
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tion of the San Joaquin downstream 
migrants are exposed to the pumping 
plant screening systems (see later 
section entitled Juvenile Migration) 
as most of the San Joaquin flow is 
diverted during peak outmigration in 
most years. Poor water quality due 
to agricultural return flows in the 
San Joaquin in the fall also may in- 
fluence the survival of returning 
adults which may contribute to vari- 
ation in the numbers of downstream 
migrants (Figure 4). 


Juvenile Survival in the Delta 


A regression of estimated juve- 
nile survival rate against river flow 
Suggests that river flow influences 
chinook survival during downstream 
migration through the delta (Figure 
5). Survival was estimated during 
1969, 1970, and 1971 by comparing 
ocean return rates from fish marked 
and released as juveniles in the 
upper and lower delta (California De- 
partment of Fish and Game 1976). Es- 
timates for the other years are based 
on recoveries of juveniles released 


above the delta and recaptured by 
trawling at stations in both the 
upper and lower delta. Some of these 


fish were marked with spray dye 
(1976-1977), while others were marked 
by the CWT technique (1978-1980). 


Verification of our initial es- 
timates of survival based or trawling 
recoveries from 1978 to 1980 will be 
made by comparing ocean catches of 
fish from the same releases and an- 
other "control" release downstream 
from the delta in Suisun Bay (Figure 
1). Preliminary ocean recoveries ob- 
tained from the sport and commercial 
fisheries in 1979 and 1980 confirmed 
our initial estimate of survival, 
close to 0 percent in 1978 (Figure 
5). Interestingly the 1979 and 1980 
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Figure 5. Relationship between spring (May or June) inflow to the Sacramento-San Joaquin River Delta 
at Sacramento (X) and estimated percent survival of marked juvenile chinook salmon as they migrate 
through the Delta (Y). Numbers adjacent to points indicate the years from 1969-1980. The regression 
equation is Y = -0.137 + 0.000036 X; r = 0.762. 1 cfs = 0.03 m. 
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ocean CWI recoveries indicate sur- 
vival of the control group released 
in Suisun Bay in 1978 was at least 
100 times that of the fish released 
just above the delta (R. Menchen, CFG 
personal communication). Hence, con- 
ditions in the delta probably were 
more limiting to juvenile survival 
than conditions in the lower estuary. 
We plan to continue to estimate juve- 
nile survival rates using the CWT 
technique. 


ALTERATIONS IN THE DISTRIBUTION OF 
FRESHWATER FLOW 


Juvenile Migration 


The most direct evidence of al- 
terations in delta flow patterns ad- 
versely impacting chinook salmon is 
the occurrence of young salmon at the 
State/Federal pumping plant _ fish 
screens. Records of salmon observed 
at the screens and respective spring 
export rates indicate that as exports 
increase more downstream migrating 
salmon are drawn to the screens. Be- 
fore the State project began export- 
ing water, mean monthly exports by 
the Federal project (CVP) (1959 to 
1967), for April through June were 
81 m/s (2,870 ft~/s) with the mean 
total catch of salmon for the three 
months combined, about 113,000 fish. 
From 1968 to 1979 when both projects 
(CVP and SWP) were diverting, water 


exports and salmon collections 3in- 
creased to 132 m/s (4,670 ft/s) 
and 194,000 fish, repectively. The 


number of salmon observed at the fish 
screen probably represents less than 
5 percent of the total downstream mi- 
gration in the system (California 
Department of Fish and Game 1976), 
but a much larger fraction probably 
is drawn out of their normal mi- 
gration path as will be discussed 
below. While many salmon are _ ob- 
served and counted at the fish screen 
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collection facility, an additional 10 
to 35 percent (dependent on size) are 
lost through the screens (Skinner 
1974). Based on four yearly mark- 
recapture experiments, an average of 
58 percent also are lost due to han- 
dling during the screen salvage pro- 
cess that returns fish to the lower 
delta out of the influence of the 
pumps (R. Menchen, CFG personal com- 
munication). In addition, mark-re- 
Capture studies indicated that ap- 
proximately 96 percent of the juve- 
nile salmon released in the forebay 
located just in front of the State 
project screen (Figure 1) are lost 
to predation (Hall 1980). 


Additional, but poorly quan- 
tified, losses exist in the numerous 
agricultural, industrial and munici- 
pal diversions in the delta and up- 
stream. Most of these are unscreened 
and together cause appreciable losses 
of salmon (Hallock and Van Woert 
1959). 


Fish screen studies in the Four 
Agency program include continued as- 
sessment of fish salvaged at _ the 
pumping plants in the south delta and 
a major effort to develop biological 
and engineering information required 
to plan, design, construct, operate 
and evaluate the Peripheral Canal in- 
take diversion structure and asso- 
ciated fish screen facilities at Hood 
so as to result in the protection of 
fisheries exposed to that new diver- 
sion. 


The alterations in flow distri- 
bution caused by drafting increased 
volumes of water across the delta to 
the pumps apparently increases mor- 
tality of salmon that do not ever 
reach the fish screens. In 1976, 
marked juvenile salmon were released 
in three areas in the northern delta 
to determine how survival of juve- 
niles would be affected by the cross 


delta flow pattern. Recoveries were 
made by trawling in the western delta 
near Pittsburg. Results indicate 
that the highest survival (based on 
percent recovery) occured for fish 
released in the Sacramento River and 
Steamboat Slough system (Figure 6). 
These two channels represent the most 
direct route through the delta pump- 
ing. Fish released in the South Fork 
of the Mokelumne River (the eastern 
most route) had the lowest survival 
and least direct route through the 
delta and, along with those released 
in the North Fork of the Mokelumne 
River and Georgianna Slough, were on 
a direct path to the pumping plants. 
Recoveries were greater for the 
larger fish of a given release group 
Suggesting that survival rate in- 
creases as the migrant size increases 
regardless of the path of migration. 


Adult Migration 


Adult migration through’ the 
estuary also has been affected by al- 
teration of the delta flow patterns 
due to south delta pumping opera- 
tions. Adult salmon are guided to 
their spawning grounds by olfactory 
perception of "homestream" water 
(Hasler 1960). Impacts on San Joa- 
quin stocks were quantified by sonic 
tagging studies from 1964 to 1967 
(Hallock et al. 1970). This work in- 
dicated that San Joaquin River spawn- 
ers were prevented from using some 
channels normally used for migration 
due to flow reversals caused by water 
project pumping in the south delta. 


ALTERATIONS IN THE QUALITY OF 


FRESHWATER FLOW 


Limited information is available 
in the Sacramento-San Joaquin Estuary 
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to document water quality related im- 
pacts on salmon that are associated 
with freshwater flow. High water 
temperature and low dissolved oxygen 
have been shown to adversely influ- 
ence adult migrations in the San Joa- 
quin near Stockton in the fall (Hal- 
lock et al. 1970). Salmon are reluc- 
tant to ascend the San Joaquin River 
near Stockton (Figure 1) when tem- 
perature exceeds 19°C (56°F) and are 
virtually stopped when dissolved oxy- 
gen drops below 5 mg/l. Generally 
the problem is relieved when inflow 
to the delta increases in late Oc- 
tober or November. The low dissolved 
oxygen is due to high biological oxy- 
gen demand (BOD) most likely caused 
by high levels of organic materials 
from suspended organics in the river, 


sewage treatment plants, effluent 
discharges and agriculture’ return 
flows. 

SUMMARY 


This paper has provided a review 
of our current understanding of the 
influence of river inflow on chinook 
salmon in the Sacramento-San Joaquin 
River Estuary. As part of our dis- 
cussion, we have described the meth- 
ods used to gain this knowledge and 
developed hypotheses that link inflow 
to the survival, abundance, migration 
and rearing of salmon. We have pre- 
sented evidence that the quantity, 
quality, distribution and timing of 
freshwater inflow in this estuary are 
potential factors that determine the 
survival of chinook in the Sacramen- 
to-San Joaquin River system. 


Many of the present and poten- 
tial flow-related problems for salmon 
are largely attributed to water de- 
velopment operations both upstream 
and within the estuary. Management 
plans have been designed to correct 
some of these problems. 
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Figure 6. Relationship between percent survival index (Y) and size of marked juvenile chinook salmon 
released (X) at Sacramento River-Steamboat Slough (Sac. R.); North Fork Mokelumne River Georgianna 
Slough (N.F. Mokel. R.); and South Fork Mokelumne River (S.F. Mokel. R.) in the Sacramento-San Joa- 
quin Delta. Survival indices are based on recovery of marked fish with a midwater trawl near Pitts- 
burg during November, 1976. The regression equations for the Sacramento River-Steamboat Slough, North 


Fork Moke lugne River-Georgianna Slough and pouth Fork Mokelumne River locatjons are Y = -0.447 + 


0.0049 X, r° = 0.64; Y = -0.443 + 0.0045X, r° = 0.71; Y = -0.246 + 0.0027 X, r° = 0.77, respectively. 
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One plan, the Peripheral Canal 
with associated fish screen facility, 
would potentially overcome present 
problems for salmon resulting from 
alterations in the distribution of 
flow. Conversely, 
risks associated with the Peripheral 
Canal and related upstream storage 
reservoirs that may impact salmon ad- 
versely. Future management actions 
will attempt to understand these 
risks and take appropriate measures 
to lessen the impact on salmon. 


Another management plan is to 
develop and utilize well documented 
and comprehensive flow standards that 
protect salmon while in the estuary. 
While present information indicates 
that by increasing inflow to the 
estuary at appropriate times we will 
see an increase in fry and juvenile 
abundance and juvenile survival, we 
do not know what this means for adult 


stocks. Unfortunately, the demand 
for water exceeds the supply. Hence, 
flow standards for salmon compete 


with other water management goals and 
they must be well documented. 


Our approach to increase know- 
ledge of salmon flow needs in the 
estuary includes: (1) mark-recapture 
studies using coded wire nose tags to 
document effects of varied conditions 
on salmon survival and to define the 
relative importance of estuarine 
rearing and (2) plans for long-term 
monitoring throughout the estuary 
since flow standards need to be based 
on replicate data sets collected over 
varied flow conditions. Continuous 
monitoring also is needed to verify 
present knowledge and to develop new 


information so that flow standards 
can be improved as_ environmental 
conditions and _ salmon _ populations 
change. 


there are unknown | 
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DISCUSSION 


Terry Durkin, Nation- 
al Marine Fishery Service: Marty, I 
was listening to your comments on 
timing, and your juvenile chinook 
movements, and I'm just wondering if 
you might observe this data a little 
longer? Our experience on the Colum- 
bia is that the subyearling fall chi- 
nook seem to have a bimodal movement. 
One early movement, that could be 


Question: 


associated with migratory movement is 
associated with high flows, that 
isn't related to that early flow. In 
some years you have early movement 
and in some years you have a late 
one, but it's not consistently asso- 
ciated with flow. They seem to be 
more related to time or sunlight or 
hours of the day than they do with 
the increased movement of water. So 
I suggest, maybe you might observe 
this situation on Sacramento a little 
longer. 


Answer: I agree with you Terry. 
The main reason I brought up this 
data was to establish the point that 
you need freshets and high flow in 
the earlier part of the year to get 
fry into the estuary, This is neces- 
sary if they're going to use that 
system to attain substantial growth. 
Prior to smolting, the major smolt 
migration through the estuary is in 
May and June. It's much different in 
the Oregon and Washington area, ap- 
parently due to temperature and other 
things. Our delta gets high tempera- 
tures by July and August and we don't 
observe any juveniles in the Delta at 
that time. 


Comment : 
Marine Fishery Service. 
problems that we have in the San 
Francisco Bay estuary is not only 
finding what the freshwater needs are 
but also just how much fresh water 
there is coming into the system. Ac- 
cording to John Conomos, historical 
outflow was about 30 million acre- 
feet and we are now down to about 21, 
and according to Perry, we are down 
to about half, or fifteen. If you 
talk to the Contra Costa County Wa- 
ter Agency, they say we're down to 
ten. And if you take what the Fede- 
ral water project has as yield, it is 
about seven and a half million acre- 
feet. The State water project yield 
now is probably around 2 and a half 
million acre-feet, and according to 


Tommy Yokem, National 
One of the 
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the Department of Water Resources, 
those two projects are taking about 
forty percent of what's being taken 
out of the system. If you do some 
quick calculations, that says we are 
down to five miliion acre-feet from 
thirty. So there's a wide range of 
estimates of how much water is left 
in the system. 


Norm Benson, Fish and 
Wildlife Service: What's the rela- 
tionship between the operation of 
the hatcheries upstream, freshwater 
inflow, and the release of fish? 


Question: 


Answer: You've raised a ques- 
tion. More information is certainly 
needed to evaluate the present and 


future hatchery releases, with tim- 
ing, the size of release, where to 
release and so forth. Most of the 


state hatchery releases are made at 
Rio Vista in the spring while the 
Federal releases are still made up- 
river. Releases are made to parallel 
wild smolt outmigration and high 
flow when possible. 


Some of the data I referred to 
on smolt survival as reiated to flow 
is based on a coded wire nose tag 
study we've been doing since 1978. 
Our initial results suggest they may 
have potential to impact hatchery 
operations and releases. We released 
200,000 fish in the upstream spawning 
grounds on the Feather River, another 
200,000 in each release group at Sac- 
ramento, and 200,000 as a control 
group at Port Chicago. Our initial 
returns from the adult fishery off- 
shore show zero returns from our 
Feather River release, three from 
the Sacramento release, and approxi- 
mately 1,300 from the Port Chicago 
release. That certainly indicates to 
me that they have a rough path to 
follow from upriver through the del- 
ta, probably for a variety of rea- 
sons. In the upper river you have 
temperature, diversion and predation 


problems, while in the delta proper 
you have water development problems 
as well as several others. 


Question: Bill Davoren, Fish 
and Wildlife Service, Tiberon: I'd 
like to have you summarize for the 
non-Californians in the audience the 
status of the stocks of salmon on 
these two streams. Joel Hedgepeth, 
my favorite biologist/philospher, of 
all those types over age 60, last 
week suggested that maybe the striped 
bass which has been in the system 101 
years now, is just getting fedup and 
tired and needs a dirtier river or 
something. It's just going to ex- 
pire. Whereas the salmon, which has 
gone through a lot more than the 
striped-bass, due to its river ori- 
gins, is hanging tough and may sup- 
plant the striped bass which at one 
time impacted its environment. I 
don't want you to comment on that, 
but could either you or Perry give us 
a brief status report on the stage 
of the stocks of the Sacramento and 
San Joaquin salmon compared to pre- 
deve lopment? 


Answer: As I said earlier the 
stocks have been decreased greatly. 
I believe in about 1953, the spawning 
stock estimate was about 600,000 sal- 
mon in the Central Valley and in 
1967 it was about 180,000. The Sac- 
ramento had 200,000 and the San Joa- 
quin about 3,000 in 1979. The San 
Joaquin drainage only has fall-run 
chinooks left. They've eliminated the 
spring-run chinook which was quite 
high in the San Joaquin drainage. 
Spawning escapement there runs less 
than five thousand right now and back 
in the 1940's it was about 150,000. 
Certainly we've lost quite a few, but 
considering some of the other systems 
in the Northwest there's still a lot 
of potential for chinook and we still 
appear to have more wild than hatch- 
ery fish. Hatchery operations and 
the fishery in other parts of the 
Northwest have apparently taken their 
toll on wildstock. 
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Question: Norm Benson, Fish and 
Wildlife Service, Slidell, LA: It was 
mentioned that to get water you are 
going to have to have well-documented 
beneficial uses to justify it or to 
get water rights. I know that there 
is some work being done in Fish and 
Wildlife, but is there someone tak- 
ing a broad view on what beneficial 
uses exist? 


Answer: Is your question, are 
people trying to identify what are 
benifical uses? 


Question: Well, what are the 
things that can be used to justify 
getting water for the estuary. I 
know you have justified flow stan- 
dards from the standpoint of striped 
bass and maybe marsh food production 
for waterfowl, but the beneficial use 
idea is a hazy concept. It involves 
a lot of things that haven't been re- 
iterated here, and I just wondered 
what data are being collected or, how 
they are being addressed? 


Answer: The concept is very com- 
plex. In California it's not so much 
a question of identifying beneficial 
uses as it is quantifying what's 
needed for those beneficial uses. The 
California State Water Resources 
Conirol Board recognizes a number of 
beneficial uses, and fish and wild- 
life resources is one of them. Prob- 
lems arise when biologists have to 
come in with numerical estimates of 
what's necessary for fish and wild- 
life. For example, how many fish can 
we get back for an acre-foot of wa- 
ter? Such information must be avail- 
able to hold up in court because 
you're going to be challenged by the 
other water interests every step of 
the way. 


Comment: Tom Yocum, NMFS: We 
have a rough time coming up with com- 
prehensive numbers. My own feeling 
for the San Francisco Bay system 


is that we desperately need the 
kind of information that Perry is 
generating. My own concern relates to 
the need for flexibility. What I 
mean, is there enough water left 
in the system? If Perry comes up with 
some recommendations for what the 
flow needs are for the San Francisco 
Bay, is that water going to be 
available? 


Marty Kjeison: I agree with Tom, 
it gets down to two problems. One, 
you potentially have an over allo- 
cation of water already. Secondly, 
you have to prove the water needs 
that you're asking for. Often times, 
at least in the past, there's been 
no question that there was a benefi- 
cial use for agriculture and the re- 
quirements for growing crops, and so 
forth, were not questioned. But I 
support the California Water Resource 
Control Board in trying to initiate 
more sophisticated studies to docu- 
ment true agricultural needs rather 
than to simply give them a clean 
ticket and basically allocate all the 
water they want. They're’ finding 
that less water can be used on cer- 
tain types of crops than was origi- 
nally thought. So this is a step in 
the right direction. But it also 
gets down to priorities and trade- 
offs. I think in most states, peo- 
ple's needs come first and the water 
for drinking is the top priority. 
Often in fisheries needs, we don't 
have all the data necessary to docu- 
ment the needs. We can show slides, 
such as the one I have up there. We 
may see a definite value in increas- 
ing flows to get a given survival 
rate, through the estuary, but 
there's all kinds of other factors 
influencing salmon stocks, such as 
harvest and spawning conditions. Be- 
fore you know it, you have such a 
complex situation that you can't sort 
it out and quantify the needs simply. 
Sooner or later decisions have to be 
made. The priorities for fish and 
wildlife are often not very high. 


107 


You also can get "nickle and 
dimed" to death. A typical example 
is found in the San Joaquin Valley, 
where a contract for a large irriga- 
tion district has called for a 
200,000 acre addition to their water 
allocation. Well, of course, the 
question was asked, "will that 
200,000 acre-feet really hurt’ the 
fish and wildlife in the estuary? 
And of course you know that it is 
going to hu‘, yet it will be diffi- 
cult to quantify it given the vari- 
ability that we have in biological 
systems. 


Question: Well, picking up 
on what Marty said. Is there any- 
thing that can be done to insure 
adequate inflow into the estuaries? 
I hear that the flow has been re- 
duced between 1900 and now by 50 
percent. | also heard that in the 
next 20 years its going to be «o- 
duced another 50 percent, and I've 


heard people say that things are 
getting into a bad condition. Now 
what can be done about it? Does 


anybody have any suggestions? 


Keith Bayha, Fish and 
Wildlife Service: I think the thing 
that needs to be done, is to get 
this society of ours away from trend- 
based planning for human population 
needs. Let's start work on a carry- 
ing capacity-based _ planning. The 
fact that everybody is struggling to 
get water to Southern California is 
ridiculous and the idea that down the 
road 20 to 50 years the population is 
going to continue to increase, simply 
is foolish. It boils down to looking 
at the country and saying how many 
people really can be maintained with 
the resources readily available in 
this area. Then you must tell the 
public through land use regulation 
or some other mechanism, that can't 
move into southern California until 
someone else moves out. In terms of 
what to do, I think we're going to 
have to do something that’ drastic. 


Comment : 


The alternative is to sit back and 
let the economic planning people, who 
are educated to use trend-based plan- 
ning for their projections to strug- 


gle like the dickens to meet those 
projections. We've got to turn that 
around and adopt some ecological 


concepts managing human populations. 


Comment: Joe Mihurski, Univer- 
sity of Maryland: Bill Davorern 
brought up Joel Hedgepeth's name, and 
reminded me of a poem that's perti- 
nent to what the last gentleman was 
talking about. It goes like this: 


Queen bee is a busy soul, 

She has no time for birth control. 
That': why .n times like these, 
There ce so many sons of bees. 


Just another brief comment. The prob- 
lem in California is not so much one 
of people because we are led to be- 
lieve that two-thirds of the people 
are living in the southern part of 
the State. Eighty-five percent of wa- 
ter use in California is for ir- 
rigated agriculture. Now, the people 
in the southern part of the State 
have the voting power. And if you 
want to talk about some people that 
have their act together in terms of 
a strong lobby, it's the agricultural 
people. One of the largest corporate 
farms in California is owned by the 
L.A. Times which also owns all of the 
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cable T.V. in southern California. 
It's such a tangled mess of subsi- 
dies, and there's no ground water 
management. There's a water conser- 
vation program, agricultural water is 
highly subsidized, and water rights 
law is written in such a way that it 
encourages use. Conservation as ori- 
ginally defined the California water 
code is designed to prevent fresh-wa- 
ter from flowing into the ocean. And 
there are a lot of legislators that 
still believe that is what we are up 
against. 


Comment : Terry Durkin, Nat- 
ional Marine Fishery Service: I 
hope you can solve your problems 
in California. We certainly have 
comments about the advisability of 


taking Columbia River water and ship- 
ping it to California. Through the 
strength of our Northwest Senators, 
who have been in power for a number 
of years, this particular idea has 
been discounted quite often. How- 
ever, they're not going to live for- 
ever nor even stay in office forever. 


The latest concept of withdrawing 
Columbia water for the starving 
Southwest is to take it out below 


Bonneville Dam. You see this way, 
our utility people will have their 
water going through the dams, but 
then because they don't really feel 
there's a use for water below the 
dam, they ship it down to the South- 
west. And, of course, that would not 
really benefit our estuary at all. We 
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ABSTRACT 


Studies on marine animals caught 
in gill nets and trawls were conduct- 
ed in 1974-1976 in the Atchafalaya 
Bay estuarine system, an increasingly 
important distributary of the Missis- 
Ssippi River. Comparison of the most 
distant bay from the river mouth, 
Vermilion, with Atchafalaya Bay show- 
ed replacement of the normal oligoha- 
line estaurine fauna by a freshwater 
fauna during flood conditions in At- 
chafalaya Bay when salinity fell 
under about 0.5 ppt. A freshwater 
community of river shrimp, gars and 
blue catfish replaced a more typical 
estuarine fauna of white shrimp, an- 
chovies and bull sharks. 
bay temperatures sometimes exceeding 
5°C are suggested as a possible cause 
of an apparent decrease in productiv- 
ity. It is suggested that tempera- 
ture effects from floods may be sig- 
nificant influences on coastal sys- 
tems and water management plans 
should consider such possible effects 
when designing flood systems. 


INTRODUCTION 
The largest floods’ entering 
estuarine systems in North America 


occur in Louisiana where the Missis- 
Sippi River directly dumps into the 
Gulf of Mexico, but in recent years 
it has lost much of its water through 
a shorter route to the gulf, the 
Atchafalaya River. This flow is com- 
bined with that from the Red River to 
influence a large area of coastal wa- 
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ter and, as a result, oyster produc- 
tion, as one example, has erratically 
but steadily moved away from the 
emerging Atchafalaya delta. 


Historically oysters were pro- 
duced in Atchafalaya Bay, but pro- 
duction over the last three decades 
or so has been in the gulf off Marsh 
Island, and in the last decade has 
begun a shift to the west of the 
mouth of Vermilion Bay, Southwest 
Pass. Because of the emerging delta 
in Atchafalaya Bay, the present study 
becomes historical, and some areas we 
worked in are now marsh. 


In 1973 and again in 1975 large 
floods swept through the Atchafalaya 
system, affecting waters as far as 15 
nautical miles offshore and 40 miles 
to the west, an area exceeding 800 
square miles of gulf and bay waters. 
Peak flows at Morgan City on the At- 
chafalaya reached 700,000 cfs in 
1973 and in 1975 exceeded 500,000 
cfs. 1974 was not an especially 
low flow year, so salinities in the 
river's offing were low at the begin- 
ning of this study in September, 
1974. For comparison, the Missis- 
sippi River near its mouth had a peak 
flow of over 1,200,000 cfs in 1973 
and over 1,000,000 cfs in 1975. 


The intent of this study was to 
consider what effects the increas- 
ing amounts of fresh water were hav- 
ing on Atchafalaya Bay, and _ since 
blue catfish (Ictalurus furcatus) are 


important members of very low salin- 
ity coastal waters, to pay particular 
attention to its role in the system. 
Results would then be utilized in de- 
veloping a comprehensive management 
plan for the developing delta system. 


Toward these ends _ comparisons 
were made between Atchafalaya Bay and 
Vermilion Bay, a higher salinity 
(oligohaline) area about 30 nautical 
miles to the west. Historically, 
Atchafalaya Bay probably had a simi- 
lar salinity regime and there is evi- 
dence that Vermilion Bay salinities 
have also decreased somewhat in re- 
cent years. In any case, Vermilion 
Bay still produces a typical gulf 
estuarine fauna, whereas Atchafalaya 
Bay is turning into freshwater marsh 
and lakes, and during this study 
(1974-76) was usually fresh in sa- 
linity and fauna. Some attention 
was also paid to the _ intermediate 
areas of East and West Cote Blanche 
Bays and the immediate gulf areas 
off Vermilion and Atchafalaya Bays 
(Figure 1). 


This paper is a summary of some 
data presented as a final report to 
the U.S. Fish and Wildlife Service in 
September 1976, "Study of sport and 
commercial fishes of the Atchafalaya 
Bay region." The report was reprint- 
ed with few changes in the "Atchafa- 
laya Bay Fisheries Study" pages 89- 


129, in "A Progress Report, Fish, 
Wildlife and Related Resources Atcha- 
falaya Basin, Louisiana," U.S. De- 
partment of the Interior, October 
1979. 
METHODS 
For more details the original 


report may be consulted but basically 
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there were two studies: (1) 24-hour 
monthly sampling with 200-foot ex- 
perimental monofilament’ gill nets 
with equal amounts of 1-, 2-, 3-, and 
4-inch mesh, two nets fished each in 
Vermilion and Atchafalaya bays from 
September 1974, through November 
1975; and (2) collections with a 
16-foot otter trawl, although begun 
in September 1974, expanded finally 
to monthly sampling at 13 stations 
(Figure 1). Concurrent hydrographic 
data were taken through the entire 
water column on salinity, tempera- 
ture, oxygen, and turbidity. 


All hydrographic data presented 
here represent surface conditions. 
Stratification was very rare except 
in the gulf during low flow periods 
and even there it was only signifi- 
cant on five occasions. In all sta- 
tistical significances referred to in 
the text the probability of means 
overlapping is less than 0.5 accord- 
ing to a t test. 


SALINITY 


re- 
not 


Salinity in Atchafalaya Bay 
mained below 0.1 ppt until June, 
exceeding 0.5 ppt until August but 
then only sporadically, generally re- 
maining 0.2 to 0.5 ppt from Septem- 
ber 1975, through the conclusion of 
the study in March 1976. 


In Vermilion Bay the salinity 
dipped below 1 ppt temporarily in 
November 1974, and in January 
through April 1975 but reached the 
low levels seen in Atchafalaya Bay 
only in April 1975. Highest salini- 
tv recorded was 9.3 ppt. 


In the intermediate Cote Blanche 


bays, using a salinity of about 0.5 


VERMILION MORGAN CITY 
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Figure 1. Study area trawl stations shown as dots. Gill net stations shown with "G". 
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ppt as the dividing line, flood con- 
ditions prevailed from December 
through August, and in East Cote 
Blanche especially, flooding remain- 
ed very low through the end of the 
study. 


In the gulf off Atchafalaya Bay 
regular sampling was not begun until 
flood conditions prevailed in April 
1975, but generally salinities re- 
sembled those in Vermilion Bay, ris- 
ing a little slower in July and Au- 
gust, but with occasional readings 
from 15 to 25 ppt thereafter. 


In the gulf off Southwest Pass 
salinities were variable during the 
spring floods (0.3 to 13.5 ppt) but 
rose rapidly with cessation of flood 
waters, and while showing large fluc- 


tuations, consistently showed read- 
ings over 10 ppt, rarely reaching 
24 ppt. 


The evident pattern was’ that 
Atchafalaya Bay remained a very low 
salinity bay (less than 1 ppt) and 
during flood times essentially turned 
to fresh water. Vermilion Bay re- 
mained an oligohaline bay, with sa- 
linities of about 1 to 9 ppt, and 
during extreme flood times dropped 
below 1 ppt, but never turned into 
fresh water. The gulf off Atchafalaya 
Bay resembled Vermilion Bay and off 
Vermilion Bay was a typical estuary, 
except during flood times when it 
took the characteristics of the very 
low but not freshwater systems. (Ta- 
ble 1). 


Some idea of the extent of cov- 
erage of low salinity waters can be 
gained from comparing Figures 2 and 
3. Judging from inshore data and the 
turbidity most of the very dark water 
in Figure 2 represents very low 
salinity, whereas in Figure 3 salini- 
ties were probably estuarine across 
the same area. 
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TEMPERATURE 


Temperature in shallow Gulf of 
Mexico estuaries and inshore waters 
generally follow air temperatures 
with some lag, but most obvious in 
Atchafalaya Bay was the dominance of 
flood water temperatures above air 
temperatures. Data were not speci- 
fically gathered to show temperature 
differences between the systems, so 
data for any given period were not 
always comparable, especially during 
the spring and fall when temperatures 
change rapidly. 


Nevertheless, the effect was ob- 
vious as_ shown by the_ following 
facts: average water temperatures, 
taken for the main period hydro- 
graphic data, (Table 2) were signifi- 
cantly different between Atchafalaya 
and Vermilion Bays, but intermediate 
areas were not, although intermediate 
in values. The effects were most 
noticeable during winter and spring 
when river levels are highest and 
Carrying the most water. In fact, 
temperatures were sometimes 5°C cold- 
er in Atchafalaya Bay and the dif- 
ferential in times of heavy flood was 
probably greater. Also, significant 
variations occurred in air and water 
temperature differences between the 
two bays (Table 3) in the winter and 
early spring of 1975-1976, the only 
period when consistent air tempera- 
ture data were available. Average 
differences between daytime air and 
water temperatures in Vermilion Bay 
were less than 1°C, but were over 3°C 
in Atchafalaya Bay even though this 
period had less river flow than dur- 
ing the 1973 and 1975 floods. 


Perhaps most important is the 
difference between air and water 
temperatures in each bay (Table 4). 
The differences were insignificant 
in Vermilion Bay and the adjacent 
gulf, but significant in all other 
areas. The greatest differences 


Table 1. Summary of salinity (ppt) data by area. 


Mean 


Standard deviation 


Standard error 


Number of samples 


Range 


Vermilion 
Bay 


3.6 


3.16 


6.5 


36 


0.2 to 
9.3 


West Cote 
Blanche 


0.7 


0.6 


0.5 


12 


0.2 to 


East Cote 
Blanche 


0.6 


0.59 


0.17 


12 


0.2 to 
2.2 


Atch. 
Bay 


0.5 


0.78 


0.1 to 


Atch. 
Gulf 


2.0 


2.07 


0.48 


19 


0.1 to 
6.1 


Vermilion 
Gulf 


12.7 


2.7 


2.7 


21 
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Figure 2. Atchafalaya Bay area from satellite, 16 April 1975. 


Figure 3. Atchafalaya Bay area, from satellite, 31 Qctober 1975. 


Table 3. Summary of water (W) and air (A) temperatures (°C) by area. VB=Vermilion Bay, E&WCB=East and 
West Cote Blanche Bay, AB=Atchafalaya Bay, AG=Atchafalaya Gulf, VG=Vermilion Gulf. 


W A W A W A W A W A 
VB E&WCB AB AG VG 

Mean 14.86 15.78 12.21 13.75 11.18 14.13 13.3 16.08 14.87 15.28 
Standard deviation 7.23 6.95 3.28 3.06 4.08 3.38 4.48 3.72 6.54 6.49 
Standard error 1.87 1.93 1.04 0.97 0.91 0.78 1.83 1.52 2.07 2.05 
Number of samples 15 15 10 10 20 19 6 6 10 10 
Range 7.9 to 8.0 to 9.1 to 10.0 to 7.7 to 9.0 to 8.6 to 11.0 to 9.2 to 9.0 to 

25.1 25.0 18.4 19.0 19.6 19.5 18.8 20.0 25.4 25.0 
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Table 2. Summary of temperature (°C) data by area. 


Vermilion West Cote East Cote Atch. Atch. Vermilion 
Bay Blanche Blanche Bay Gulf Gulf 
Mean 21.91 20.82 20.48 19.26 22.84 21.45 
Standard deviation 7.87 8.54 8.93 8.55 8.33 7.99 
Standard error 1.31 2.46 2.58 1.26 1.51 1.74 
Number of samples 36 12 12 47 19 21 
Range 7.7 to 9.1 to 9.2 to 6.7 to 8.9 to 9.2 to 


30.2 30.4 33.2 31.3 34.5 30.1 


Table 4. Summary of difference between air and water temperatures (°C), November 1975-March 1976. 


Vermilion E & W Cote Atch. Atch. Vermilion 
Bay Blanche Bay Gulf Gulf 
Mean 0.85 1.77 3.08 2.78 0.46 
Standard deviation 1.51 1.82 1.74 1.78 0.78 
Standard error 0.4 0.57 0.4 0.73 0.25 
Number of samples 15 10 19 6 10 

Range 0.5 to 4.1 1.4 to 5.6 0.1 to 6.8 0.2 to 5.6 0.1 to 1.3 
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occurred in Atchafalaya Bay and the 
adjacent Gulf of Mexico. 


THE FAUNA 


There was a clear-cut difference 
between the animals caught in Vermil- 
ion and Atchafalaya Bays. Although 
this difference broke down somewhat 
in the summer and fall of 1975 when 
salinities rose throughout the area, 
Atchafalaya Bay was still distinct. 
Its community was characterized by 
river shrimp (Macrobrachium ohione) 
and blue catfish, while Vermilion Bay 
had large populations of white shrimp 
(Penaeus setiferus) and bay anchovy, 
(Anchoa mitchilli). A few species, 
such as gizzard shad (Dorosom cepedi- 
anum) and blue crabs (Callinectes 


bridged the gap somewhat. 


But there were more differences 
than similarities in the major large 
predators such as bull sharks (Car- 


charhinus leucas) in Vermilion Bay 
and gars (Lepisosteus spatula and 
L. oculatus) in Atchafalaya Bay. 


As evidenced by the total trawl 
catches (Table 5), Atchafalaya Bay 
contained fewer large individuals, 
mainly because of the predominance of 
large freshwater fishes such as the 
catfishes. 


Vermilion Bay appeared to be a 
better estuarine nursery area with 
large populations of bay anchovies, 
white trout (Cynoscion arenarius ) and 
the young of several other species. 


Also gill net catches were larger 
in Vermilion Bay (Table 6), and were 
mainly made up of a large complement 
of estuarine species, including 
speckled trout (Cynoscion nebulosus) 
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and sheepshead (Archosargus proba- 
tocephalus) which were rarely caught 
in Atchafalaya Bay. 


DISCUSSION 


The basic question is whether 
any particular management plan af- 
fects the basic productivity of the 
bay or simply shifts the system from 
one community type to another. There 
is no question that very low salini- 
ties (under 0.5 ppt) are limiting to 
the estuarine community dominants 
such as penaeid shrimps and anchov- 
ies. But, to some extent, these are 
replaced by freshwater types such as 
river shrimp and blue catfish. Some 
species may provide some overlap, but 
the general effect is well documented 
(Morton 1973). Regarding this ef- 
fect, it may only be a matter of 
preference whether estuarine or a 
freshwater fauna is selected for. At 
least the decision is based on eco- 
nomics, not ecology. 


An effect that may exist, how- 
ever, is a diminution in productivity 
of either freshwater or estuarine 
fauna, from the influence of the cold 
Mississippi and Red rivers. Many ma- 
rine organisms seem more affected by 
temperature than salinity within tol- 
erance ranges. Those in the gulf 
show evidence of increased metabolism 
and growth at higher temperatures, 
while some evidence exists that tem- 
peratures of about 20°C or greater 
are necessary for efficiency (Eldred 
et al. 1961; Wohlschlag et al; 1968, 
Moore 1976). 


Temperatures between 15 and 25°C 
occur in the spring at the same time 
the larvae and young of many species 
are inshore and at the same time of 
peak flood waters. If floods delay 
for 2 to 5 weeks temperatures ex- 
ceeding 20°C, then a significant por- 
tion of the coastline may be taken 


Table 5. Summary of total trawl catches by bay system. 


Number Weight Number of collections 
(g) 
Vermilion Gulf 413.4 1426.2 19 
Vermilion Bay 603.5 1389 .6 22 
East and West Cote Blanche Bays 390.5 2071.7 32 
Atchafalaya Bay 138.5 2129.4 41 


Atchafalaya Gulf 353.1 1928.8 17 
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Table 6. Summary of gill net catches in total catch per hour per net. 


Atchafalaya Bay ; Vermilion Bay 
Number Weight Temp. range Number Weight Temp. range 
(g) (°C) (g) (°C) 
Sept.-Oct. 1974 1.7 938.8 21.8-27.1 4.0 3532.8 24.7-31.1 
November 74-May 75 0.1 12.9 8.9-24.5 2.5 941.7 12.8-24.5 
June-October 1975 9.5 1855.9 21.5-31.3 20.1 10,788.9 22.4-29.9 
November 1975 0 0 12.3-14.5 2.5 964.5 24.8-25.1 
Average 3.4 751.3 8.6 4600.9 
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out of production for the young of 
many estuarine species. Workers in 
Louisiana have been studying temper- 
ature effects on brown shrimp since 
the 1973 flood (White 1975 and 
others), but most studies on floods 
emphasize salinity and nutrient ef- 
fects. 


The present study offers no con- 
clusive proof, but some facts suggest 
production was slow in Atchafalaya 
Bay during the flood peak. (1) Col- 
lections by gill nets were negligible 
in Atchafalaya Bay during the peak 
flows, but trawl catches showed no 
such difference. Trawls catch sta- 
tionary animals; gill nets capture 
those moving. Lack of movement may 
be the result of depressed metabo- 
lism. (2) Although the weight of 
trawl-caught animals (Table 5) in 
Atchafalaya Bay was high, the num- 
bers were very low, suggesting ex- 
clusion of the nursery function. 


There is a real possibility that 
any depression in growth is made up 
later due to fertilizing effects 
from the flood, but it is certain 
that the time cannot be made up. 
Since the depressed temperature ef- 
fect from cold river water extends, 
albeit with diminished effect, into 
higher salinity areas, the production 
of many more species than just those 
in the fresh flood waters might be 
involved. 


The difficult question to answer 
is to what extent flood control and 
other water management practices have 
affected coastal water temperatures. 
With the intent historically to move 
water seaward as rapidly as possible 
in narrow but deep channels, it would 
seem that practices have been select- 
ed for keeping seaward-moving water 
as cold as possible. 


Although the present study was 
designed for other purposes it ap- 
pears that the most important conclu- 
sion is that winter and spring floods 
are significant influences on coastal 
water temperatures. The importance 
of temperature to aquatic animals is 
well known, so it would seem impor- 
tant to examine in detail the effects 
and consider coastal temperature ef- 
fects in water management policy. 
Spreading flood waters widely across 
deltas, the natural situation, would 
seem to be the best alternative for 
warming waters moving to the coast. 
Similar conclusions’ for _ handling 
flood waters were reached by Viosca 
(1928) and Gunter (1957) but for 
reasons other than temperature. 
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ABSTRACT 


The Louisiana coastal marsh is 
subdivided into four types: saline, 
brackish, intermediate, and fresh. 
The types occur in bands generally 
paralleling the coastline and con- 
tain characteristic water salinity 
levels and plant and animal commu- 
nities. Intermediate and fresh types 
provide preferred habitat for most 
wildlife species and receive great- 
est use; salt marsh receives least 
use. Activities of man coupled with 
natural processes such as subsidence 
and erosion have removed any natural 
tidewater barriers and reduced fresh- 
water flow through the marshes. As a 
result, saltwater intrusion from the 
Gulf of Mexico has increased, the 
boundaries of marsh types have been 
altered, and preferred habitat for 
many wildlife species has been re- 
duced. As a corrective measure, 
marsh impoundments have been con- 
tructed on the Chenier Plain to serve 
as saltwater barriers and wildlife 
management units. Fresh water should 
be diverted from the Mississippi Riv- 
er into the marshes of the Inactive 
Delta Marsh Zone for reducing salt- 
water intrusion and _ building new 
marshland. The reestablishment of 
marsh types to their location in 1943 
was recommended as a goal for marsh 
restoration. 
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INTRODUCTION 


Population levels of wildlife 
species occupying wet'ands are a pro- 
duct of the quality 1 quantity of 


the habitat available. Individual 
species have specific habitat re- 
quirements and greatest populations 


occur when conditions are within the 
optimum range. However, the rapid 
loss or modification of coastal wet- 
lands, as a result of changing land 
use practices, has caused habitat 
conditions to deteriorate, plant com- 
munities to change, and wildlife pop- 
ulations to decline in many areas. 


Activities which have had the 
most damaging impact on wildlife hab- 
itat are canal construction associ- 
ated with oil and gas exploration, 
pipelines, navigation, and flood con- 
trol; permanent drainage for agri- 
culture, industry, and urbanization; 
modified drainage patterns associated 
with levee and highway construction 
and spoil deposits; and dredge and 
fill operations. The activities of 
man coupled with natural processes 
such as subsidence and erosion have 


greatly altered habitat conditions 
and thereby altered distributional 
patterns of plants and wildlife. 


Only with a complete understanding of 
the distributional patterns of plants 
and wildlife and the effects of 


environmental conditions can the mag- 
nitude of habitat changes be as- 
sessed and plans for altering condi- 
tions to maximize production be for- 
mulated. 


DESCRIPTION OF THE COASTAL REGION 


The coastal region of Louisiana 
can be divided into two segments on a 
basis of origin and physiography. The 
area east of Vermilion Bay and oc- 
cupying two-thirds of the coastal re- 
gion has been designated as the Del- 
taic Plain. The Deltaic Plain is 
composed of several distinct former 
deltas plus the present active delta 
of the Mississippi River. Marshes of 
the Deltaic Plain were termed the 
Active Delta Marsh Zone and Inactive 
Delta Marsh Zone by Chabreck (1970) 
for descriptive purposes. The area 
west of Vermilion Bay has been named 
the Chenier Plain and was formed from 
Mississippi River sediments swept 
westward by longshore currents in the 
Gulf of Mexico (Coleman 1966). 


Marshes of the Louisiana coastal 
region encompass an area of approxi- 
mately 1.7 million hectares and ex- 
pand the full coastline of the State. 
The marshes extend inland for dis- 
tances ranging from 24 to 80 km and 
reach their greatest width in south- 
eastern Louisiana. 


Water levels in these marshes 
are greatly affected by rainfall, 
tides and local drainage patterns. 
Water levels are typically within 30 
cm of the marsh surface with excep- 
tions occurring with storm tides or 
during periods of excessive rainfall 
or prolonged drought. The effects of 
tides are greater in areas nearer the 
Gulf of Mexico; however, tide levels 
in the gulf affect water drainage 
from interior marshes. In addition 
to its effect on marsh water levels, 
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tidal action in the gulf also pro- 
vides a source of highly saline water 
to the marshes. The daily fluctuat- 
ing action causes highly saline wa- 
ters to move inland and mix with ad- 
vancing fresh w cer to form a vast 
estuarine basin. The mixing of salt 
water from the gulf and fresh water 
from inland sources provides a hori- 
zontal stratification of water sali- 
nities. Water salinities range from 
highly saline (20 to 25 ppt) near the 
coastline and gradually decline mov- 
ing inland until a zone of fresh wa- 
ter is reached along the northern 
perimeter of the marsh region. 


Penfound and Hathaway (1939) 
studied the coastal marsh in south- 
eastern Louisiana and noted that wa- 
ter salinity and water depth were ma- 
jor factors governing plant species 
distribution. They subdivided the 
marsh into types on a basis of salt 
concentration of free soil water, 
designated these types as_ saline, 
brackish, slightly brackish (inter- 
mediate), and fresh, and described 
the plant associations within each 
type. The marsh types along the en- 
tire Louisiana coast were mapped by 
Chabreck et al. (1968) on a basis of 
the plant associations described by 
Penfound and Hathaway (1939). Cha- 
breck (1972) then described the plant 
species composition and soil and wa- 
ter characteristics of each marsh 


type. 


VARIATION AMONG MARSH TYPES 


Marsh vegetational types along 
the Louisiana coast generally occur 
in bands paralleling the coastline. 
The marsh types are comprised of 
characteristic associations of plant 
species with similar salinity tole- 
rances (Table 1). 


Table 1. Plant species composition of the marsh types in the Louisiana Coastal Marshes~. 


Vegetative Type 


| 

Scientific Name Colloquial Name Saline Brackish Intermediate Fresh 

ececcorescescecese Percent certs rrcscrserc-- 
Batis maritima Saltwort 4.41 0 0 0 
Distichlis spicata Saltgrass 14.27 13.32 . 36 13 
Juncus roemerianus Black rush 10.10 3.93 72 60 
Spartina alterniflora Smooth cordgrass 62.14 4.77 . 86 0 
Eleocharis parvula Dwarf spikerush 0 2.46 .49 54 
Ruppia maritima Widgeongrass 0 3.83 .64 0 
Scirpus olneyi Olney bulrush 0 4.97 3.26 ~45 
Scirpus robustus Saltmarsh bulrush . 66 1.78 . 68 0 
Spartina patens Marshhay cordgrass 5.99 55.22 34.01 3.74 
Bacopa monnieri Waterhyssop 0 .92 4.75 1.44 
Cyperus odoratus Flatsedge 0 . 84 2.18 1.56 
Echinochloa walteri Walter's millet 0 . 36 2.72 77 
Paspalum vaginatum Seashore paspalum 0 1.38 4.46 .35 
Phragmites communis Roseau cane 0 31 6.63 2.54 
Alternanthera philoxeroides Alligator weed 0 0 2.47 5.34 
Eleocharis sp. Spikerush 0 .82 3.28 10.74 
Hydrocotyle umbellata Pennywort 0 0 0 1.93 
Panicum hemitomon Maidencane 0 0 . 76 25.62 
© gittaria falcata Bull tongue 0 0 6.47 15.15 
Other species 2.43 5.09 25.26 29.10 
TOTAL 100.00 100.00 100.00 100.00 


“Source of data: Chabreck (1970) 


Table 2. Mean water salinity (ppt) and soil organic matter (0.M.) content (%) of vegetative types 
within marsh zones. 


Marsh Types’ 
Marsh Zones Saline Brackish Intermediate Fresh 


Active Delta 


Salinity - 8.74 2.38 0.95 

O.M. - 24.63 22.60 6.96 
Inactive Delta 

Salinity 18.25 9.93 4.45 1.21 

O.M. 18.46 37.97 51.72 64.77 
Chenier Plain 

Salinity 14.59 4.13 2.57 0.74 

O.M. 6.50 18.57 22.95 34.26 
Entire Coast 

Salinity 18.08 8.17 3.34 0.98 

O.M. 17.46 31.18 33.92 52.01 


“Data from Chabreck (1970). 
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SALINE MARSH 


Saline marshes are nearest the 
shoreline of the Gulf of Mexico and 
subject to daily tidal fluctations. 
Salt marsh forms a narrow band in the 
Chenier Plain but is very extensive 
in the Deltaic Plain and the two re- 
gions combine to form a total salt 
marsh area of 270,000 ha (Chabreck 
1970). Salt marsh of the Deltaic 
Plain is dissected by numerous em- 
bayments and tidal inlets and as a 
result is exposed to rapid and dras- 
tic tidal action. The shoreline of 
the Chenier Plain is fringed by an 
almost continuous beach deposit. The 
beach restricts intrusion of gulf wa- 
ters and delays run-off of fresh- 
water. 


Water salinities average 18.0 
ppt (range: 8.1 to 29.4 ppt), and 
soils have a lower organic content 


(mean: 17.5%) than types located 
further inland (Table 2). Vegetation 
within this type consists of few 


species. The species are salt tole- 
rant and dominated by Spartina alter- 
niflora, Distichlis spicata, and Jun- 
cus roemerianus (Table 1). 


BRACKISH MARSH 


Brackish marsh is farther re- 
moved from the influence of highly 
saline gulf waters than saline marsh 
but is still subject to daily tidal 
action. Brackish marsh is a major 
marsh type of coastal Louisiana and 
comprises 520,000 ha. Normal water 
depths exceed that of salt marsh and 
soils contain higher organic content 
(mean: 31.2%). Water salinities 
average 8.2 ppt (range: 1.0 to 18.4 


ppt). This type characteristically 
contains numerous’ small bayous and 
lakes. 
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Brackish marsh contains more plant 
diversity than salt marsh but is 
dominated by two perennial grass- 
es, Spartina patens and Distichlis 
spicat (Table 1). An important wild- 
life food plant of brackish marsh, 
Scirpus olneyi, grows best in tidal 
marsh free from excessive flooding, 
prolonged drought, and drastic sa- 
linity changes. However, the species 
is often crowded out by the dominant 
grasses, particularly Spartina pa- 
tens. 


INTERMEDIATE MARSH 


Intermediate marsh lies inland 
from brackish marsh and occupies an 
area of 280,000 ha. The marsh re- 
ceives some influence from tides and 
water salinities average 3.3 ppt 
(range: 0.5 to 8.3 ppt). Water lev- 
els are slightly higher than in 
brackish marsh, and soil organic con- 
tent averages 33.9 percent. Plant 
species diversity is high and the 
area contains both halophytes and 
freshwater species used as food by a 


wide variety of herbivores. Spartina 
patens dominates the intermediate 


marsh as it does the brackish type, 
but to a lesser degree. Other common 
plants are Phragmites communis, 
Sagittaria falcata, and Bacopa mon- 
nieri (Table 1). 


FRESH MARSH 


Fresh marsh occupies the zone 
inland from the intermediate marsh 
and south of the Prairie formation 
and Mississippi River Alluvial Plain. 
In many areas fresh marsia is adjacent 
to or intermixed with forested wet- 
lands (swamp). The fresh marsh type 
encompasses an area of 530,000 ha and 
is equal to brackish marsh in size. 


The type is normally free from tidal 
influence and water salinities aver- 
age only 1.0 ppt (range: 0.1 to 3.4 
ppt). Because of slow drainage, wa- 
ter depth and soil organic content 
(mean: 52.0%) are greatest in fresh 
marsh. In some fresh marshes, soil 
organic matter content exceeds 80 
percent and the substrate for plant 
growth is a floating organic mat, 
referred to as flotant by Russell 
(1942). This type also supports the 
greatest diversity of plants and con- 
tains many species which are pre- 
ferred foods of wildlife. Dominant 
plants include Panicum hemitomon, 
Eleocharis spp., Sagittaria falcata, 
and Alternanthera philoxeroides. 


WILDLIFE USE OF MARSH TYPES 


The distribution and abundance 
of the many wildlife species of the 
coastal marsh display a strong affi- 
nity to marsh types. In some in- 
stances, a wildlife species may be 
attracted or supported in greater 
abundance because of plant species 
comprising the marsh type. Such is 
usually the case for herbivorous spe- 


cies such as_ the muskrat (Ondatra 
zibethicus) and nutria (Myocastor 
coypus ). On the other hand, the 


abundance of a carnivorous species 
may be related to environmental con- 
ditions or prey species within a 
marsh type, rather than plant species 
present. Such is the case of Ameri- 
can alligator (Alligator mississip- 
piens) whose distribution in coastal 
marsh is governed to a large degree 
by water salinity. The following is 
a description of the relationship of 
seiected wild'tife species to marsh 


types. 


WATERFOWL 


In a review of waterfowl use of 
coastal marshes, Lynch (1967) noted 
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that 40 or more species are involved 
and each has its own set of environ- 
mental requirements or tolerances. 
Most species have extensive ranges 
and utilize coastal environments only 
as winter residents or as fall and 
spring transients. 


Duck use of fresh and brackish 
water impoundments on the Chenier 
Plain was monitored by Chabreck et 
al. (1974). They reported that the 
major factors affecting duck use were 
the types of vegetation present, wa- 
ter depth, and time of year. They 
also noted considerable variation 
among species in habitat selection. 


In an effort to determine habi- 
tat preference of dabbling ducks, 
Palmisano (1972) related dabbling 
duck use in the Louisiana marshes to 
the marsh types delineated by Cha- 
breck et al. (1968) (Table 3). The 
species of dabbling ducks consisted 
mainly of pintail, gadwall, American 
wigeon, mallard, mottled duck, shov- 
eller, blue-winged teal, and green- 
winged teal. 


A preference index was computed 
for each type by dividing the per- 
centage of all ducks observed in a 
particular marsh type during aerial 
Surveys by the percentage of the to- 
tal area surveyed occupied by that 
type. A preference index greater than 
1.0 indicated a positive preference 
or selection of a type and a value 
less than 1.0 indicated a negative 
preference or avoidance of a_ type 
(Table 3). 


Salt marsh averaged 1.8 percent 
of the dabbling ducks observed and 
13.0 percent of the habitat surveyed 
for a preference index of 0.14. The 
low index indicated that ducks gener- 
ally avoid this marsh type. The ab- 
sence of preferred plant foods and 
flooded marsh during the wintering 
season are probably responsible for 


Table 3. Distribution of selected species of wildlife by marsh type in 
Louisiana coastal marsh. 


Marsh°* Population Habitat Peofneenne” 
Type Distribution (%) Distribution (%) Index 
Dabbling Ducks~ 
Saline 1.8 13.0 0.14 
Brackish 30.0 37.0 0.81 
Intermediate 29.3 19.0 1.54 
Fresh 38.9 31.0 1.25 
Muskrats~ 
Saline 14.5 11.6 1.25 
Brackish 72.5 36.2 2.00 
Intermediate » 20.3 0.43 
Fresh 3 31.9 0.13 
d 
Alligators 
Saline 0.0 21.7 0.00 
Brackish 31.9 30.6 1.04 
Intermediate 33.7 16.5 2.04 
Fresh 34.4 31.2 1.10 


“Boundaries delineated by Chabreck et al. (1968) 


Population distribution 
Habitat distribution 


b . 
Preference index = 


“Data from Palmisano (1972) 


Gnata from McNease and Joanen (1978) 


low use. Also, ponds in salt maish 
contain few aquatic plants (Chabreck 
1971). 


Brackish marsh contained 30.0 
percent of the dabbling ducks and 
37.0 percent of the habitat sampled. 
The preference index of 0.81 suggests 
that duck use was slightly below 
habitat availability and reflected 
duck avoidance. However, duck use 
was much greater than in salt marsh. 
Highest use of brackish marsh was in 


the fall and spring seasons when 
widgeongrass (Ruppia maritima) was 
available. A similar situation was 


noted by Chabreck et al. (1974) dur- 
ing their studies of marsh impound- 
ments. 


Intermediate marsh exhibited the 
greatest duck preference index (1.54) 
of the marsh types surveyed. This 
type made up only 19.( percent of the 
habitat surveyed but contained 29.3 
percent of the dabbling ducks (Pal- 
misano 1972). The major factors 
attracting dabbling ducks to inter- 
mediate marsh were favorable water 
depths and abundant plant foods. 
Fresh marsh contained 38.9 percent of 
the dabbling ducks surveyed and com- 
prised 31.0 percent of the habitat. 
The preference index of 1.25 indicat- 
ed that ducks selected the habitat 
over the brackish or salt marsh 
types. Palmisano (1972) observed 
that dabbling duck use of fresh marsh 
was least during the fall and great- 
est during the winter. Chabreck et 
al. (1974) noted a similar situation 
and concluded that use increased in 
winter as seeds of annual grasses and 
sedges were deposited on the marsh 
floor and rising water levels improv- 
ed feeding conditions. 


MUSKRATS 


muskrats 
sat- 


Suitable habitat for 
must have adequate food plants, 
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isfactory amounts of water, and ade- 
quate denning sites for rearing young 
and escaping predators. Population 
level usually reflects the degree to 
which a particular area meets re- 
quirements of the species and may 
fluctuate drastically in response to 
short-term environmental changes. 


Waterfowl are highly mobile and 
are able to move about freely in 
coastal marshes in search of prefer- 
red habitat conditions. Muskrats, 
however, are more sedentary and move 
less freely from one marsh type to 
the next. Muskrats are monogamous, 
and a mated pair in coastal marsh 
will construct a grassy house or 
lodge and remain in the vicinity of 
the house. Catastrophic events such 
as drastic flooding, drought, or 
other disturbances are usually re- 
quired to cause movement from an 
area. 


Because each mated pair of musk- 
rats will construct a house, the num- 
ber of active lodges in an area is 
indicative of the muskrat population 
size in the area (O'Neil 1949). The 
houses are very conspicuous and can 
be counted from aircraft. 


Palmisano (1972) inventoried 
muskrat houses along transects of the 
Louisiana coastal marsh and tabulated 
the number of houses according to the 
marsh types identified by Chabreck et 
al. (1968) (Table 3). A productivity 
index was computed for each type by 
dividing the percentage of all musk- 
rat houses observed in a particular 
type by the percentage of the total 
area surveyed occupied by that type. 
The productivity index was similar to 
the preference index computed for 
dabbling ducks and can be interpreted 
similarly. 


Muskrats occurred in all marsh 
types; however, population densities 
varied greatly. The brackish marsh 


type composed of a mixed community of 
Scirpus olneyi and Spartina patens 


produced the greatest muskrat den- 
sity, based on house counts (Palmi- 
sano 1972). Brackish marsh comprised 
36.2 percent of the area surveyed and 
contained 72.5 percent of the muskrat 
occurred in brackish marsh at twice 
average density of all marsh types. 


Salt marsh made up 11.6 percent 
of the area inventoried and contained 
14.5 percent of the muskrat houses 
observed. The productivity index for 
salt marsh was 1.25 and indicated 
that muskrat productivity was greater 
than the coastwide average, but con- 
siderably iess than brackish marsh. 
Although salt marsh often contains 
satisfactory populations of musk- 
rats, the harvest is usually very 
low because of access problems in 
winter and low fur quality in that 
type. 


Intermediate marsh comprised 
20.3 percent of the area surveyed and 
contained 8.7 percent of the muskrat 
houses. Fresh marsh made up a larger 
portion of the area (37.9%) but con- 
tained only 4.3 percent of the musk- 
rat houses. The low productivity in- 
dices for intermediate and _ fresh 
marshes (0.43 and 0.13; respectively) 
indicate that these types do not meet 
the overall requirements of muskrats. 
Inadequate water levels, food sup- 
plies, and cover are likely contri- 
butors to the low population levels. 


NUTRIA 


For many years the muskrat was 
the major species in the Louisiana 
fur harvest, but in the early 1960's 
the nutria (Myocastor coypus) re- 
placed the muskrat and has remained 
the leader since then. Population 
density data are not available for 
nutria, but Palmisano (1972) used 


133 


harvest rates as an indication of 
abundance and reported that catches 
declined as salinity increased. Har- 
vest rates per 1,000 ha by marsh type 


were: fresh - 1266, intermediate - 
704, and brackish - 213. Harvest 
data were not available for salt 


maish but populations are generally 
lowest in that type. 


ALLIGATORS 


Alligators are widely distrib- 
uted across the Louisiana coast and 
occur in practically all areas offer- 
ing suitable habitat conditions and 
protection. Adult females inhabit 
secluded areas in marsh, construct 
subsurface dens, and seldom venture 
far from the den (Chabreck 1965; 
Joanen and McNease 1970). They nest 
in the vicinity of the den and the 
young produced remain in the area for 
one to two years. By the third year, 
the young begin to move about quite 
freely in response to water condi- 
tions and food availability. Move- 
ment continues over a period of five 
to six years and during that time 
the immature alligators are able to 
select from a wide variety of habitat 
conditions. As sexual maturity ap- 
proaches in the ninth year, females 
begin selecting denning sites in re- 
mote marsh areas. Males continue to 
travel about over a é large = area 
(Joanen and McNease 1972) but during 
the courtship and breeding seasons 
remain in the areas selected by adult 
females. 


A newly constructed nest of an 
alligator is very conspicuous from 
the air and serves as the basis of an 
alligator census method developed by 
Chabreck (1966). The census method 
requires flying low altitude aerial 
transects of marsh and counting the 
nests within a predetermined distance 
from the transect. The number of 


alligator nests within a marsh type is 
indicative of the alligator popula- 
tion of the type. 


McNease and Joanen (1978) used 
the nest count procedure to inventory 
alligator nests along the Louisiana 
coast in 1977 (Table 3). During the 
inventory, 51 north-south transects 
were flown and nests observed were 
tabulated by marsh type. 


Previous observations revealed 
that alligators do not use the saline 
marsh type; consequently, that type 
was not surveyed by McNease and 
Joanen (1978). The nest survey was 
expanded to project the total alli- 


gator population in the _ coastal 
marshes, as suggested by Chabreck 
(1966). The projection disclosed a 


total population of 174,000 alliga- 
tors in the brackish, intermediate 
and brackish marsh types. 


Brackish marsh comprised 30.6 
percent of the coastal marsh and 
contained 31.9 percent of the alli- 
gator nests. The preference index of 
1.04 indicates a use slightly greater 
than availability. Intermediate 
marsh contained only 16.5 percent of 
the marsh area but contained 33../ 
percent of the alligator population. 
The preferences index was 2.04 and 
indicated a strong preference for the 
type. Fresh marsh was similar to 
brackish marsh and contained 31.2 
percent of the area and 34.4 percent 
of the habitat. The preference index 
of fresh marsh was 1.10. 


COASTAL ALTERATIONS 


Stratification of the Louisiana 
coastal marshes into distinct marsh 
types has been maintained naturaily 
by surface features and hydrological 
processes. The inland advancement of 
saline gulf waters was usually re- 
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stricted by natural barriers such as 
beaches, cheniers, low marsh ridges, 
and natural levees along streams and 
lakes. The meandering and shallowing 
of coastal streams as they moved in- 
land reduced their capacity to carry 
large volumes of salt water. Also, 
the discharge of fresh water from in- 
land sources through coastal streams 
served to dilute and prevent the in- 
land advancement of saline tide wa- 
ters. During drought periods, when 
the freshwater flow through streams 
was reduced, many streams emptying 
into the gulf on the Chenier Plain 
closed off naturally at the beach, 
thus providing a natural barrier to 
tide water intrusion. 


The activities of man including 
leveeing, canal dredging, and stream 
channelization coupled with natural 
processes such as subsidence and ero- 
sion, have reduced the effectiveness 
of saltwater barriers and altered 
hydrological process. Canals and 
channelized streams which connect 
tidal saline water sources to inland 
marshes of lower salinity function in 
two ways to alter marsh types. Dur- 
ing low tides in the gulf, the canals 
flush fresher water from interior 
marshes and cause lower water levels. 


Then, with high tides in the gulf, 
saline water is able to move in a 
more direct route farther inland. 


The process is gradual, and a period 
of several years may be necessary for 
the effects to become evident. 


As water salinity increases in 
the area, plants unable to tolerate 
the higher salinity die and are grad- 
ually replaced by species adapted to 
the new salinity regimes. Similarly, 
wildlife occupying the marsh type be- 
cause of preference, seek out new 
areas. Populations of other species 
of wildlife may simply adjust to the 
productivity of the new habitat. 


Greatest damage to plants and 
wildlife takes place when fresh marsh 
Cvucaining high levels of soil organ- 
ic matter is subjected to much great- 
er water salinity and strong tidal 
action. Plants in the area are 
killed by increased water salinity, 
and the organic substrate becomes 
loose and disorganized without plant 
roots to hold it together. As tide 
water moves through the area, small 
amounts of organic matter are carried 
and flushed out through tidal chan- 
nels. Before new species can become 
established, marsh elevations may 
drop 10 to 20 cm over broad areas. 
Open ponds and lakes thus develop and 
productive marshland is lost. Thou- 
sands of hectares of marsh in the In- 
active Delta Marsh Zone have been 
thus affected. The chances of such 
marsh again supporting emergent plant 
growth is very low unless corrective 
action is taken by marsh managers. 


Prior to levee construction 
along the Mississippi River, overbank 
flooding would send vast quantities 
of fresh water and alluvium down 
former channels of the river and 
other streams emptying into the gulf 
on the Deltaic Plain. In many areas 
flood water from the Mississippi Riv- 
er would reach the gulf via sheet 
flow over the marshes. 


As a result of overbank flood- 
ing, a tremendous area of fresh marsh 
was developed and maintained. Also, 
nutrient rich sediment was added to 
the marsh, thus enhancing producti- 
vity and promoting land building. 


Because of several disastrous 
floods, the Mississippi River Com- 
mission was formed in 1879 and levee 
construction began in 1882. Comple- 
tion of the levee system required 
many years, but today the levee sys- 
tem extends southward to the Active 
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Delta (approximately 100 km south of 
New Orleans). Approximately one- 
third of the Mississippi River flow 
is diverted through the Atchafalaya 
River during flood stage. The re- 
mainder is carried through the leveed 
channel of the Mississippi to the 
Gulf of Mexico. 


As a result of coastal altera- 
tion over the past half century, the 
location of marsh types in the In- 
active Delta has changed consider- 
ably. Chabreck (1970) determined 
that the northern boundary of the 
salt marsh type had moved inland an 
average distance of 3.4 km during the 
25-year period from 1943 to 1968. 
Encroachment of the salt marsh type 
was determined by comparing the lo- 
cation of the marsh type on a map 
prepared by O'Neil (1949) with its 
location on a later map prepared by 
Chabreck et al. (1968). 


PROTECTION AND REESTABLISHMENT OF 
MARSH TYPES 


Marsh management for wildlife is 
usually aimed at species with sport 
or commercial value. Along the Loui- 
Siana coast, these groups consist 
mainly ot waterfowl, fur animals and 
alligators. Marsh management in- 
volves protection or establishment of 
marsh types which are most attractive 
or preductive for the desired spe- 
cies; however, habitat improvement 
for one group usually benefits other 
wildlife also. 


Previous studies on wildlife 
distribution show that greatest pop- 
ulation levels occur in fresh and 
intermediate marshes (Table 3). The 
muskrat was the only species reaching 
greatest density in brackish marsh. 
Salt marsh generally contains lowest 
wildlife populations; consequently, 


the increased saltwater intrusion in 
recent years has resulted in a re- 
duction of quality wildlife habitat. 


Two procedures a. generally 
used to prevent the inlaid encroach- 
ment of highly saline tide water. One 
method involves the construction of 
artificial saltwater barriers, and 
impoundments have been used for this 
purpose on the Chenier Plain for 30 
years (Chabreck 1960). The other 
method involves freshwater intro- 
duction into the headwaters of drain- 
age basins leading to the Gulf of 
Mexico. Fresh water moving through 
the basin dilutes the salt water and 
also adds inorganic sediment to the 
substrate. Several small-scale fresh- 
water introduction projects have been 
completed in recent years and permit 
introduction of Mississippi River 
water into areas east of the river. 


Impoundments are constructed by 
completely enclosing an area with a 
levee system. This procedure can be 
used only in marshes containing soils 
capable of supporting levees; conse- 
quently, its use is limited mostly to 
the Chenier Plain. Marsh soils in 
the Inactive Delta consist largely of 
Organic matter and are generally un- 
Suitable for construction of contin- 
uous levee systems. 


Freshwater introduction’ into 
marshes, however, is limited to the 
Inactive Delta because of its prox- 
imity to the Mississippi River. The 
location of the Chenier Plain makes 
it inaccessible to introduce water 
from the Mississippi River. Also, 


water from the Mermentau River and 
several large lakes along the north- 
ern edge of the Chenier Plain are 
held in a basin for rice irrigation, 
thus reducing their use for fresh- 
water introduction. 


136 


The use of marsh impoundments 
for management of coastai wildlife 
resources has been the subject of 
several stvdies (Chabreck 1960; Bald- 
win 1967; Chabreck et al. 1974; Mor- 
gan et al. 1975). Impoundments pro- 
vide a means for controlling water 
salinity and water depth in a marsh 
to produce desired species of vege- 
tation. However, levee systems used 
as barriers to saltwater intrusion 
also block the movements of marine 
organism in tidal channels and re- 
duce the discharge of plant detritus 
into estuarine systems (Chabreck 
1980). 


Freshwater introduction into 
marshes of the Inactive Delta Marsh 
Zone has been long considered as a 
means for reducing saltwater intru- 
sion and building new marshland 
through controlled deposition of sed- 
iments. In order to maximize wild- 
life and fisheries production in the 
Louisiana coastal region, a _ recom- 
mendation was made by an Interagency 
Study Group to reestablish the loca- 
tion of the salt marsh type to its 
1943 position (U.S. Army Engineer 
District, New Orleans, Chairman of 
the Interagency Study Group 1970). 
The position of marsh types in 1943, 
as delineated by O'Neil (1949), was 
several kilometers south of their 
present position. Reestablishing 
marsh types to that position would 
require introduction of Mississippi 
River water in great quantities and 
at strategic locations. Gagliano et 
al. (1971) conducted detailed studies 
of the area and recommended discharge 
sites and rates. However, numerous 
political problems must be overcome 
before an effective plan can be ex- 
ecuted. 
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Marc E. Crandall and Joel L. Lindsey 


Coastal Management Section, Department of Natural Resources 
Baton Rouge, Louisiana 


ABSTRACT 
Land loss is the greatest envi- 
ronmental problem facing’ coastal 
Louisiana today. Erosion and subsi- 
dence are occurring at ever increas- 
ing rates and remain unchecked. Un- 
less positive measures are taken to 
counter balance these deteriorating 
processes, the highly productive 
coastal wetlands are doomed to even- 
tual destruction. Regulations of ac- 
tivities in the coastal zone can only 
retard man's aggravation of the de- 
terioration process. Only a return 
to or a mimicking of the natural pro- 
cesses that occurred before man's in- 
tervention into the system can assure 
continued productivity of the area. 
Small scale freshwater diversions 
that address local area problems are 
the best first step in achieving the 
State's long range freshwater input 
plans. Successful small scale diver- 
sions will help alleviate many of the 
institutional problems associated 
with these projects. 


INTRODUCTION 


Louisiana's vast coastal wetland 
area, estimated at 25 percent of the 
coastal wetland area of the United 
States, was formed by the cyclic mi- 
gration of the channel of the Missis- 
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sippi River. Over the past 7,000 
years, seven major delta lobes have 
formed due to the riverine input of 
water and sediments into the shallow 
waters of the Gulf of Mexico (Figure 
1). The natural cycle was one of 
progradation and aggradation, aban- 
donment and gradual degradation of 
the delta lobe. Degradation results 
from a combination of natural erosion 
by marine process and natural subsi- 
dence which is characteristic of the 
area. As this cycle continued unin- 
terrupted, the balance between loss 
and gain was maintained and the sys- 
tem supported one of the most pro- 
ductive areas in the world. 


In 1928, the U.S. Army Corps of 
Engineers began leveeing off the 
Mississippi River as_ part of the 
flood control measures in Louisiana. 
In addition, the construction of the 
Old River control structure near Mor- 
ganza has prevented, at least tempo- 
rarily, the migration of the river to 
a new route down the Atchafalaya 
basin. 


All these measures have ,esulted 
in curtailment of riverine freshwater 
and sediment input into the wetlands 
of southern Louisiana. Several severe 
problems have resulted from these 
actions. 


Figure 1. 
Morgan 1970). 
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Chronology and locations of delta lobes composing the Mississippi River deltaic plain (from 


Maintenance of the current chan- 
nel has resulted in the Mississippi 
River depositing its sediment load 
into the deeper waters of the Gulf of 
Mexico. The sediments traditionally 
deposited on the wetlands and in the 
shallower bay areas are no longer 
available for delta building. Natu- 
ral subsidence and erosion are now 
unchecked and net land loss has re- 
sulted. 


In the absence of freshwater 
introducton at the upper ends of the 
hydrologic basins, higher salinity 
water has intruded into the estu- 
aries. This intrusion has been fa- 
cilitated by the many canals that 
have been dredged in connection with 
oil and gas operations and navigation 
in coastal Louisiana. Saltwater in- 
trusion into the brackish marsh and 
fresh swamp areas in the upper basins 
has resulted in dieoffs of the plant 
species intolerant of the higher sa- 
linities. The elimination of vege- 
tation in these areas has allowed 
dramatic increases in erosion rates. 
The decrease in wetland area allowed 
larger volumes of water to move dur- 
ing each tidal cycle. Channels in 
the barrier islands and wetlands are 
scoured more, which allows increased 
saltwater intrusion. 


Thus, the system contains a pos- 
itive feedback loop leading to in- 
creasing land loss. Figure 2 is a 
simplified schematic showing the more 
important processess affecting the 
land loss in Louisiana's coastal 
zone. All of these factors, includ- 
ing man's activities, has resulted i 
a net logs of approximately 16.5 mi 
(26.5 km™) annually of coastal wet- 
land area (Gagliano and Van Beek 
1970). 
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LOUISIANA COASTAL PROGRAM 


The genesis of Louisiana's coast- 
al resource program began with the 
identification of the major problems 
in the coastal zone. Among the prob- 
lems recognized, land loss was of 
major importance because wetland area 
has been shown to be tied to fisher- 
ies productivity (Figure 3), (Craig 
et al. 1977). In order to maintain 
this valuable renewable resource, it 
is necessary to address this critical 
problem. 


Louisiana's management program 


approaches these problems in_ two 
distinct ways. The first approach is 
regulation. Guidelines were estab- 


lished to regulate uses of the coast- 
al zone and prevent or minimize the 
aggravation of the natural deteriora- 
tion process through man's activi- 
ties. Regulation will hopefully re- 
tard the rapid deterioration of 
Louisiana's wetlands. 


The second and most important 
approach is the implementation of 
programs designed to restore or mimic 
the natural processes which were act- 
ing before man's intervention into 


the system. These programs will 
address the basic causes of wetland 
deterioration, sediment starvation 


and saltwater intrusion. 


Early studies done in Louisiana 
recognized the possibilities. of 
freshwater diversions in alleviating 
these problems in coastal areas. 
Gagliano et al. (1971) explored both 
water and sediment diversions of the 
Mississippi River to combat wetland 
deterioration. Utilizing a broad ap- 
proach to the problem, they identi- 
fied potential diversion sites and 
calculated water requirements’ to 
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Figure 2. Schematic showing the major processes governing land loss and deposition in the Mississippi 
Delta Plain. 
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Figure 3. Relationship between fisheries yields and intertidal areas for the Gulf of lexico (from 


Craig et al. 1977). 


maintain 15 ppt isohalines in des- 
ignated areas in the various hydro- 
logic basins. This report torms the 
basis for the U.S. Army Corps of 
Engineers’ plans to construct large 
scale freshwater diversions (1,000 to 


6,000 cfs). 
ly in the 
Stage and 
near future. 


These plans are current- 
and development 
foreseen in the 


research 
are not 


The 
program's 
version began 
sage of the 
Management 
legislature 


coastal 

in freshwater 
1978 with the 
Coastal Zone 
Act. In the Act, the 
recognized the problems 
of coastal Louisiana and mandated our 
department to formulate a freshwater 
diversion plan for Louisiana. 


resources 
di- 
pas- 


Louisiana 
interest 
in 

Louisiana 


The Louisiana coastal resources 
program has recognized two levels of 
implementation of ‘freshwater diver- 
sions. The first is the large scale 
diversions which will affect salinity 
and hydrology on a basinwide scale. 
These are the types of projects 


currently being studied by the Corps 
of Engineers. Due to the huge cost 
and long range planning of these 
large diversions, we feel that 
diversions of this scale should be a 
joint-coordinated project between the 
State and Federal Government. Efforts 


toward implementation of these pro- 
jects will continue. 

The second level of implemen- 
tation is small scale diversions de- 
Signed to alleviate problems at the 
local level. Our initial emphasis 
will be at this level for several 
reasons. 

The types of diversions are af- 
fordable at the State level. Var- 
ious funding sources at the State 
level, including coastal energy 
impact program and 306 grant funds, 
can be used to construct and monitor 
these smaller diversions. 


diversions be 
constructed in a 
tively short time frame. Optimistic 
time frames for the large diversions 
planned by the Corps show completion 


Can 
rela- 


Small scale 


planned and 


in the early 1990's. Small scale 
projects can be planned and con- 
Structed in three to five years as 
models for the larger scale projects 
of the future. Also important data 
on the impacts of diversions can be 
gathered and applied to the future 


basinwide diversions. 

implementation of smal] 
diversions at the local level can 
help alleviate some of the institu- 
tional problems these types of proj- 
ects traditionally meet. These in- 
stitutional problems, both short- and 
long-term, are probably the largest 
impediment to the implementation of 
these types of projects. The prob- 
lems include: 


Finally, 


(1) Local funding difficulties - 
Local government is often unwilling 
unable to provide the assurances 

maintenance funds for diversion 
Structures. This will be especially 
true with large diversions where the 
costs and impacts will Se incurred in 
one area and the primary benefits 
reaped in another locale. 


or 


and 


(2) 
wetland 


User conflicts - Freshening 
areas will benefit some 
and curtail the use of these 
areas by other users. For example, 
oyster fishermen are the most 
ously affected. Management conflicts 
can also between agencies with 
different Con- 
flicts will also use 
rights. This will 
problem as water uses continue to in- 


of 
users 


seri- 


arise 
goals. 

for water 
become a 


management 
arise 
greater 


crease. 

(3) Land use changes Present 
and future land use ii the path of 
the diversion may be altered. This 
may cause a conflict with land- 


holders in the area. 


distrust of 
jected results. There is a 
tional distrust of projects 


nature by local residents. 


(4) General pro- 
tradi- 


of this 


A small diversion which is fi- 
nancially supported by the same peo- 
ple who reap the benefits of the 
project will aid in establishing the 
need for such projects in the minds 
of the locals. Once a smaller di- 
version ha been successful, local 
people will be more receptive to the 


larger diversions necessary in the 
future. 
The programs’ initial effort in 


Bernard Parish. 
of St. Bernard Parish 
severely impacted in re- 
Natural deterioration 
has been greatly augmented by the 
activities of man. The most sig- 
nificant impact was the dredging of 
the Mississippi River Gulf Outlet 
in the early 1960's. Erosion around 
the area of the canal has increased 
dramatically due to large wakes 
created by ship traffic in the canal. 
In addition, salinities in the area 
have markedly increased due to in- 
trusion of salt water up the canal 
(Coastal Environments, Inc. 1977). 


this area was in St. 
The wetlands 
have been 


cent years. 


As part of a program to attempt 
the restoration of these deterio- 
rating wetlands, the parish initiated 
a project to construct a freshwater 
Siphon, designed to deliver between 
25 to 500 cubic ieet per second over 
a period from February through March 
(the period of traditional overbank 
flooding). The siphon, constructed 
through the Coastal Energy Impact 
Program at a cost of 1.7 million 
dollars, is currently in operation. 
Presiphon studies were done (Irish 
1980) and a_ postsiphon-monitoring 
program is currently underway. We 
hope that data gathered through this 
project will in modeling 


be useful 
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other small scale siphons as well as 
yielding some useful data toward the 
implementation of the larger siphons. 


Probably the most 
son of this project is 


important les- 
the demonstra- 


tion that the institutional problems 
at the local level can be overcome 
when local people are involved with 


the projects from early in the plan- 
ning stages. 


A priority of the Louisiana 
coastal research program immediately 
after implementation, will be a com- 


plete planning study of freshwater 
diversions in Louisiana's coastal 
zone. This study will refine the 


water requirements of each hydrologic 
basin and locate possible diversion 
Sites. Other aspects to be addressed 
include management goals, water qual- 
ity impacts, other physical = and 
socioeconomic impacts, and possible 
alternative funding sources for these 
projects. We will also continue to 
work with local govenments to assess 
the possibili'ies of small scale di- 
versions. 


Coordination of these activities 
with the appropriate Federal agencies 
must be maintained to insure that the 
plans at the State level eventually 
fit . ito any larger diversion plans 
to be implemented in the future. 


CONCLUSIONS 


A combined local, state and fed- 
effort is the only way that the 
effects of freshwater di- 
versions into Louisiana's estuarine 
system can become a reality. Local 
input is necessary to identify man- 
agement goals and the large institu- 
tional problems facing the 
State input needed to insure 
coordination local programs 
and to provide 


eral 
positive 


project. 
is 
between 
into a basinwide plan 


funding for the small scale diver- 
sions. For the large scale projects, 
the State must act as a liaison be- 
tween the local governments and the 
Federal agencies. Federal input is 
necessary to provide planning § and 
construction funds for the large 
scale diversions. 


With this coordinated effort, it 
is hoped that Louisiana will be able 
to copy the processes that originally 
built the State's coastal zone and 
decrease our annual net land loss. 
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REVIEW OF ESTUARINE=RELATED PROJECTS BY THE GULF OF MEXICO 


FISHERY MANAGEMENT COUNCIL 


Vito J. Blomo 


Gulf of Mexico Fishery Management Council 
Tampa, Florida 


ABSTRACT 


The Gulf of Mexico Fishery Man- 
agement Council, a planning group es- 
tablished by an act of Congress, de- 
velops management plans for important 
fish and shellfish. Because these 
plans consider fishery resources in 
their entire range of habitat, en- 
vironmental alterations affecting 
estuarine-dependents species are 
viewed with concern by the council. 
Several public and private projects 
would significantly alter freshwater 
inflows affecting gulf fish species. 
Input and comment by the council on 
such projects to state and Federal 
regulatory agencies are effective be- 
cause (1) the council is a quasi-fed 
eral agency whose members are nomi- 
nated by gulf states governors and 
selected by the Secretary of Commerce 
and (2) the council has jurisdiction 
in water beyond state jurisdiction to 
200 miles. 


INTRODUCTION 


Conservation was a 
tor in the extension of fishery con- 
servation or exclusive economic zones 
by coastal nations in the mid-1970's. 
The act of extending jurisdiction was 
one of management which translates a 
conservation goal a tangible and 
measurable While of 
the immediate concerns were expressed 
over pelagic bottom-dwel ling 


primary fac- 


into 
objective. most 


Or ma~ 
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rine fish species, conservation con- 


cerns were logically extended to 
estuarine-dependent fish stocks as 
well. 

In the United States, the ex- 
tended jurisdiction legislation is 


Public Law 94-265, the Fishery Con- 
servation and Management Act of 1976 
(FCMA). The Act gives the Federal 
Government exclusive control over 
fishery resources beyond state juris- 
diction out to 200 miles. FCMA es- 
tablished regional fishery management 
councils to develop plans for impor- 
tant fish and shellfish stocks in the 
fishery conservation zone (FCZ). The 
plans become part of Federal regula- 


tions once they are promulgated by 
the Secretary of Commerce. 
The councils are unique crea- 


tions of Congress. They are neither 
wholly public nor wholly private. 
The councils and plans are _ subject 
to Federal review procedures yet the 
councils may enjoin Federal agencies 
in areas of dispute and interest. 
Council members are made up of pri- 
vate citizens, state directors of 
natural resource (fishery) agencies, 
and several Federal representatives 
from agencies such as National Ma- 
rine Fisheries Service, U.S. Fish 
and Wildlife Service, and the State 
Department. Private citizens include 
commercial and sports fishermen, 
vironmentalists, and consumers. 


en- 


As a region, the Gulf of Mexico 
has the largest volume and value of 
fish and shellfish harvests in the 
United States. It also contains the 
largest inventory of estuarine areas 
in the United States. Sykes (1965) 
and Gunter (1967) have estimated re- 
spectively that estuarine-dependent 
species make up 89 percent of the 
total gulf catch and 97 percent of 
the total commercial gulf catch. Ma- 
nagement by the Gulf Council of fish 
and shellfish resources must there- 
fore consider the estuarine habitat 
and any alterations to it including 
changes in freshwater inflow. 


GULF COUNCIL POLICY 


The Gulf Council has enunciated 
a policy on the estuarine habitat 
primarily as a result of developing 
its fishery management plans (FMPs). 
The Shrimp FMP (Gulf of Mexico Fish- 
ery Management Council 1980) in par- 
ticular documents the importance of 
estuaries in the life cycle of 
shrimp. In the early stages of this 
FMP, the council's Shrimp Advisory 
Panel, composed of industry members, 
felt that the issue of estuarine hab- 
itat was vital enough to pass a re- 
solution (Appendix 1) for considera- 
tion of the council. 


The council passed a resolution 
of its own on January 11, 1978. The 
resolution (Appendix 2) acknowledges 
the importance of the estuarine hab- 
itat and encourages Federal and 
State agencies to develop and imple- 


ment an effective program of estua- 
rine protection and managemnt. 

The next enunciation of council 
policy was that each FMP will, (1) 
adequately define habitat significant 
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to the fishery to be managed, and (2) 
include recommendations for changes 
in habitat, or in habitat policies of 
responsible agencies, which are nec- 
essary to achieve the objectives of 
the FMP. These requirements were to 
be the responsibility of the coun- 
cil's Habitat and Environmental Pro- 
tection Committee. The council di- 
rected this committee to review pro- 
posed habitat alterations and other 
human actions which may have signifi- 


cant adverse impacts on _ fisheries 
with existing or proposed FMPs. Af- 
ter a review of such projects, the 


committee will present its recommen- 
dations to the council for action, if 
any. 


The Shrimp FMP for a_ resource 
extremely dependent on the estuarine 


habitat, has as one of its objec- 
tives, "encourage adequate habitat 
protection measures." To fulfill 
this objective a management measure 


in the FMP (page 8-13) confirms the 
establishment of the above committee, 
its responsibilities, and adoption 
of policies set forth in the National 
Plan for Marine Fisheries and _ the 
Eastland Fisheries Survey (Atlantic 
States Marine Fisheries Commission 
et al. 1977) regarding habitat pro- 
tection and pollution control. 


The Habitat and Environmental 
Protection Committee has developed 
criteria for reviewing habitat-sensi- 
tive projects. The criteria is de- 
veloped along a size threshold, di- 
rect and indirect adverse effects, 
and specifies: 


1. The council would review and pos- 


sibly comment on projects that di- 
rectly impact on fisheries for which 
FMPs are being developed by the 
council and which directly impact on 
areas 50 acres or more in total sur- 


face area. 


2. Projects having a substantial or 
Significant nondirect impact on areas 


of 50 acres or more such as those 
Causing prevention of surface water 
flow, reduce: detrital export, and 


saltwater intrusion. 


3. A case-by-case review of projects 
directly impacting less than 50 acres 
when it has been determined by a 
field review that it is a precedent- 
setting project or is a project in a 
unique or critical habitat area. 


METHOD OF COUNCIL INPUT 

Having developed a _ policy on 
habitat modification and scientific 
documents (FMPs) supporting’ that 
policy, the council is warranted in 
taking action to protect gulf estu- 
arine areas. The action takes the 
form of written comment, testimony 
at public hearings, conducting its 


own hearings, referral to higher au- 
thority, and possible legal action. 


on estu- 
directed 


Council involvement 


arine-related projects is 


toward state and Federal regulatory 
agencies which permit and monitor 
such projects. These agencies in- 
clude state resource/environmental 
agencies, the U.S. Army Corps of En- 
gineers, the Environmental Protec- 
tion Agency, the Council on Environ- 
mental Quality, the Nationa! Marine 
Fisheries Service, and the U.S. Fish 
and Wildlife Service. 

The basis for all council input 
is its FMPs. Proposed habitat alter- 


ations must affect fishery resources, 


for which there are plans, in order 
to elicit a council response. Rele- 
vant sections of the FMP are cited 
in communication with the above agen- 
cies along with any other scientific 


literature or research. 


ongoing 


Council participation in review 
of these projects is both legitimate 


and effective yet has its limita- 
tions. Comment by the council is 
welcome because Federal regulatory 
agencies prefer comments from state 
agencies/officials on projects’ in 
that state. Because (1) most council 
members reflect state concerns, and 
(2) the council is the sole group 
with jurisdiction over fishery re- 
sources in the FCZ, its comments 
therefore carry weight and merit. 
Furthermore, because the council is 


semi-autonomous from the Federal Gov- 
ernment, it could engage in legal ac- 
tions against the government. (This 
issue is not fully resolved despite a 
move in that direction recently by 
the Mid-Atlantic Council. ) 


Limitations on council partici- 


pation in project review are due to 
its planning nature. The council 
has no regulatory authority of any 


kind; FMOs are enforced only through 
the Secretary of Commerce and U.S. 
Coast Guard. The council has no re- 
search facilities but must rely on 
its FMPs Scientific and Statistical 
Committee, and Fishery Advisory Pa- 
nels. Partly because of these limi- 
tations, the council has'7 referred 
projects to higher authority (those 
needing a Corp of Engineers permit) 
or to the Council on Environmental 
Quality (CEQ). 


ESTUARINE-RELATED PROJECTS 


The Gulf Council has commented 
on several projects which would alter 
the inflow of fresh water to estua- 
ries. In all but one of these proj- 
ects there were indications’ that 
there could be adverse impacts. on 
fisheries resources for which’ the 
council had or was developing a FMP. 
These projects and the extent of 


council involvement are discussed be- 
low. 


COLORADO RIVER PROJECT 


This project at the mouth of the 
Colorado River is seven years old and 
contains two features which impact on 
fisheries differently. As authorized 
by Congress, the project has naviga- 
tion and diversion features’ which 
would benefit a broad array of user 


groups. The navigation features in- 
clude the construction of two jetties 
where the river empties into’ the 
gulf, a deepened navigation channel 


and an expanded harbor and turning 
basin at Matagorda, Texas. The di- 
version feature would direct most of 
the flow of the river into East Mata- 
gorda Bay as it was before 1927; it 
includes a diversion dam and a flood 
discharge channel. 


The council became involved with 
this project in March of 1979 when a 
public hearing for it was announced. 
The public notice described a _ plan 
without any diversion features. The 
council objected to this because the 
navigation features could have de- 
creased fish and shellfish produc- 
tion, while the diversion features 
would have negated this loss and in- 
creased production substantially 
(U.S. Fish and Wildlife Service 
1979). 

Initial objections were made 
with the Corps of Engineers, Galves- 
ton, over the separability of proj- 
ect features. The council also ap- 
pealed to CEQ over this direction in 
the project. In meetings between the 
Corps, CEQ and Environmental Protec- 
tion Agency, an agreement was reached 
to write an environmental impact 
statement (EIS) for the diversion 
features and schedule a_ timetable 
for construction of both’ project 
features. The council has reviewed 
the diversion EIS (U.S. Army Corps 
of Engineers 1980) and has pinpointed 
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three objections: continued separa- 
bility of diversion and navigation 
EISs, under-estimates of biological 
benefits, and under-estimates of eco- 
nomic benefits from the diversion 
features. These issues have yet to 
be resolved by all parties. 


TEXAS WATER PLAN 


In 1968 the Texas Water Plan 
established tentative allocations of 
water to supplement freshwater inflow 
to Texas' bays and estuaries. Texas 
is a coastal state with valuable fish 
and shellfish stock which are estu- 
arine-dependent. At the same time, 
its agriculture, industry, and pop- 
ulation places higher demands on wa- 
ter resources every year. The Texas 
Legislature directed comprehensive 
studies of "the effects of freshwater 
inflow upon the bays and estuaries of 
Texas." 

The council became involved be- 
cause any alteration of freshwater 
inflow would affect the shrimp re- 
source in particular, and also stocks 
of groundfish. Both resources have 
FMPs either implemented or in draft 
Stage. Because the plans may become 
the basis for future policy decisions 
on water utilization, coucil review 
appeared necessary. 


Two studies were reviewed: the 
Nueces and Mission-Aransas Estuaries 
and the Trinity-San Jacinto Estuary. 
Council comments focused on the con- 
clusions and methodology of the re- 
ports. One particular conclusion was 
that reduced freshwater inflows would 


increase shrimp production, a con- 
clusion with which the council dis- 
agreed. The council also urged the 
author (Texas Department of Water 
Resources) to perform additional 
verification of the overall mode] 
with particular emphasis on extreme 
instead of average freshwater in- 
flows. Other comments addressed the 


lack of economic analysis of the al- 
ternatives and socio-economic impacts 
of alternative water uses. 


MARCO ISLAND 

Florida's west coast is experi- 
encing rapid population growth, from 
Naples to the Tampa-St. Petersburg 
area. Even in the face of the 
1979-80 recession, business’ condi- 
tions were good for this area and 
for Florida as a whole. Profitable 
and appealing residential development 
has unfortunately decreased Florida's 
wetlands through dredge and fiil 
operations. A large project, invol- 
ving over 4,000 acres, is the pro- 
posed development of eastern Marco 
Island. 


Council involvement began with 
public notice of a permit necessary 
for the dredge and fill operation. 
Based on destruction of the wetland 
area and reduced freshwater inflow of 
up to 30 percent, the council for- 
warded its objections to the project 
to the Corps of Engineers. The 
Shrimp FMP was cited in the comment 
on a project with non-water dependent 
uses. Further council involvement 
has focused on testimony to Florida 
Department of Environment Regulation 
which held an administrative hearing 
over the State permit. 


SHRIMP AQUACULTURE 


Another project in Florida was a 
proposed shrimp aquaculture operation 
which would take place contiguous to 
a bay in the panhandle area of Flori- 
da. The artificial shrimp habitat 
would be the dredged wetland area 
next to the bay, with the dredged 
material providing the building mat- 
ter for the dikes. Some 300 acres of 
estuarine area are directly involved. 


Although the wetland area is 
privately owned, alteration of it as 
above would have had an adverse im- 
pact. Freshwater drainage through 
this estuarine area would not con- 
tinue, thus affecting detrital ex- 
port of material for estuarine-de- 
pendent species. This probable im- 
pact was the basis for the council 
letter which recommended denial of 
the permit. The issue was also one 
of private gain at public expense. 


DREDGE MATERIAL DISPOSAL 


The problem of dredge material 
disposal is acute in the Gulf of Mex- 
ico because, (1) the long-term ef- 
fects of the disposal of the material 
are unknown and (2) 70 percent of all 
U.S. dredging takes place in the 
three Corps districts between Galves- 
ton and Mobile. The expansion and de- 
velopment of the port of Mobile has 
produced substantial quantities of 
dredge spoil, and will do so on an 
annual basis. 


One particular aspect of the 
disposal problem in Mobile Bay has 
recently involved the _ council. A 
1974 inter-agency agreement on dredge 
material disposal identified three 
areas. Since that time one of the 
Sites proved unfeasible and_ the 
second site--the major site of all 
three--became essentially  unavail- 
able for public (Corps) use. The 
remaining site was an_ intertidal 
marsh area providing for a small pass 
through which the Mobile River would 
flow into the bay. In all, there are 
180 acres’ involved. The site is 
still productive despite industrial 
development and dredged spoil on its 
boundaries; the area has_ recently 
been revegetated after Hurricane 
Frederick in 1979 destroyed several 
dikes blocking parts of the area. 


The council became involved with 
this phase of the project since it 
met the review criteria and was con- 


sistent with other issues addressed. 
There was also an impasse reached 
between several of the agencies which 
previously approved the 1974 agree- 
ment. The impasse is due to a na- 
tional policy to preserve wetlands 
and differing interpretations of the 
agreement by new personnel because 
there is only one remaining site. 


Input by the council has_ been 
directed to the Corps of Engineers 
recommending denial of the filling 
permit. After an on-site review of 
the area and a meeting with’ the 
Corps, the council sent a_ follow-up 
comment reiterating its position. 


The council recommended the project 


applicant seek an alternative site, 
an existing spoil area as yet un- 
developed for industrial use. 
SUMMARY 
The enactment of the Fishery 
Conservation and Management Act of 
1976 provided for the stewardship 


of the fishery resources beyond state 


jurisdiction to 200 miles. In the 
Gulf of Mexico, most of the fishery 
resources are estuarine-dependent, 
and the Gulf Council therefore has 
taken a keen interest in alterations 
to this habitat. Council input to 
projects affecting freshwater inflow 
to estuaries is proper because of its 


responsibility and effective because 
of the diverse interests represented 
on the council. Input made to date 
relates to diveision of freshwater; 


channelization, dredging and_ spoils 


disposal; residential development ; 


and of a wetland area 


affecting 


private use 


resources. 


public 


Atlantic 
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APPENDIX 1 


GULF OF MEXICO FISHERY MANAGEMNET COUNCIL 
SHALLOW WATER SHRIMP ADVISORY PANEL 


RESOLUTION 


WHEREAS, the Shallow Water Shrimp Advisory Panel recognizes the substantial 
detrimental effects that some developmental or construction activities re- 
lated to bays, estuaries and coastal waters will have on the nursery grounds 
and habitat of shrimp; and 


WHEREAS the shrimp fishery is a renewable resource which can continue to 
’ » 
produce food and contribute to the economy of the Gulf Region; and 


WHEREAS, shrimp are migratory and move between states and cross freely in and 
out of the fishery management zone; 


NOW THEREFORE, BE IT RESOLVED by the Shallow Water Shrimp Advisory Panel that 
the Gulf of Mexico Fishery Management Council be advised of the panel's con- 
cern of the loss of estuarine shrimp habitat; and 


BE IT FURTHER RESOLVED that the Secretary of Commerce be requested and urged 
Lo utilize any authority she may have under P.L. 94-265, or other Acts or 
good offices, to protect this resource. 


APPENDIX 2 
GULF OF MEXICO FISHERY MANAGEMENT COUNCIL 


RESOLUTION 


WHEREAS, the commerical seafood landings, in the U.S. generate billions of 
dollars annually for the ecomomy of the Nation; and 


WHEREAS, these marine resources also provide food and recreational oppor- 
tunities for millions of our citizens; and 


WHEREAS, habitat alterations, destruction of marsh land, water pollution and 
many other factors can have a substantial detrimental effect on estuarine 
nursey grounds and the habitat of estuarine-dependent marine species; and 


WHEREAS, our fisheries can continue to be a renewable resource if they are 
afforded a suitable estuarine habitat; 


NOW THEREFORE, be it resolved that we express our concern over the loss and 
degradation of our estuarine habitat; and 


BE it FURTHER resolved that we urge the governor of each coastal state, their 
legislative bodies, and their coastal regulatory agencies and officers to 
utilize any authority they may have to protect and manage this valuable re- 
source for the benefit of all citizens; and 


BE IT FURTHER resolved that the Federal agencies with the appropriate juris- 
dictional responsibility encourage the respectives states to develop and 
implement an effective program of estuarine protection and management. 


Adopted this 11th day of January, 1978 in Biloxi, Mississippi. 


John A. Mehos, Chairman 
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VALUES OF ECOLOGICAL CHARACTERIZATION STUDIES TO ASSESS 


EFFECTS OF FRESHWATER INFLOW TO ESTUARIES 
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Slidell, Louisiana 


B.D. King, II] 
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Austin, Texas 


ABSTRACT 


Ecological characterization stud- 
ies compile existing information 
(utilizing a holistic approach) that 
identifies functional relationships 
among natural processes and compon- 
ents of coastal ecosystems. Some 
studies have mapped habitat changes 
from aerial photographs over a 20-to 
25-year time period. The studies in- 
tegrate environmental and socioeco- 
nomic information in a form useful 
for planning, impact assessment and 
analysis. Studies completed or un- 
derway include the Chenier Plain of 
Southwestern Louisiana and _  South- 
eastern Texas, Sea Islands Region of 
South Carolina and Georgia, Pacific 
Northwest, Northern and Central Cali- 
fornia, Mississippi Deltaic Plain, 
Texas Barrier Islands Region, Rocky 
Coast of Maine, Northeastern Gulf of 
Mexico, and Southwestern Florida. 


Data from the Sabine basin of 
the Chenier Plain study demonstrated 
the quantified effects of modifying 
natural river flow on Sabine Lake and 
the associated estuarine area. Navi- 
gation channel developments,  con- 
struction of reservoirs on the 
coming rivers, and _ impoundment 
marshes were the primary causes 
ecological changes. 


in- 
of 
of 


5 


WI 


The Mississippi Deltaic Plain 
study mapped habitat changes from the 
mid-1950's to 1978. Many of the hab- 
itat changes resulted from the modi- 


fication of freshwater inflow. The 
study indicated that over 500,000 
acres (202,000 ha) of Louisiana 


coastal wetlands were lost or altered 
during the period. The information 
developed from the ecological char- 
acterizations will enable planners to 
understand and predict the conse- 
quences of future alterations in the 
coastal zone. 


INTRODUCTION 


Estuaries are coastal 

fresh water mixes with 
water from the ocean. The 
water needs of estuaries must 
balanced with those of humans, 
dustry, and agriculture, if estu- 
aries are to continue to furnish 
food and recreation at reasonably 
high levels. Estuaries are our most 
productive coastal areas, and they 
require freshwater inflow to main- 
tain their regular ecological pro- 
cesses. 


areas 

salt 
fresh- 
be 


in- 


where 


The estimated 2/7 million acres 
(10.9 million ha) of estuaries along 
the U.S. coast have high recreational 


and commercial fishing value in 
addition to their use for transpor- 
tation and industry. They supported 
an estimated 190 million days of 
sport fishing in 1975 (U.S. Depart- 
ment of the Interior 1977) and from 
60 percent to 80 percent of our com- 
mercial finfishes and shellfishes are 
estuarine dependent; i.e., they re- 
quire estuaries for breeding or nurs- 
ery purposes. The commercial catches 
of the major estuarine-dependent fin- 
fishes and shellfishes in 1977 and 
1978 had dockside values of 1.7 bil- 
lion dollars and 1.3 billion dollars, 
respectively (U.S. Dept. of Commerce 
1979). 


that have been most 
by changes. in 


The areas 
aijversely affected 
freshwater inflow include San Fran- 
cisco Bay (Smith and Kato 1979), 
Florida Bay (Snedaker et al. 1977), 
Chesapeake Bay, the Louisiana coastal 
marshes, and the Texas gulf coast. 
The ecological consequences of alter- 
ing freshwater inflow have been most 
evident in large estuarine ecosystems 
such as San Francisco Bay and _ the 
Louisiana and Texas estuaries. 


Ecological characterization stud- 
ies include data that can be directly 
applied to freshwater inflow ecvalua- 
tions. This paper describes how eco- 
logical information will be applied 
to freshwater inflow problems in 
coastal Louisiana and Texas. 


ECOLOGICAL CHARACTERIZATION STUDIES 


The U.S. Fish and Wildlife Ser- 
vice'’s (FWS) Coastal Ecosystem Proj- 
ect within the Biological Services 
Program initiated a series of studies 
in 1976 called "coastal ecological 
characterizations.” These studies 
compile existing available informa- 
tion using a holistic approach that 
identifies functional relationships 
among the natural processes — and 


| Kh 


components of coastal ecosystems. An 
ecological characterization study is 
designed primarily to integrate envi- 
ronmental and socioeconomic informa- 
tion in a form useful for planning, 
impact assessment, and analysis, and 
to identify research needs. A char- 
acterization study is a tool that 
will enable decisionmakers to _ ef>- 
fectively address coastal problems 
including planning for urban and in- 
dustrial developments, determining 
corridors for pipelines, and siting 
of onshore and offshore facilities 
for Outer Continental Shelf (OCS) 
oil and gas activities. 


Between 1976 and 1980 the Coast- 
al Ecosystems Project had nine stud- 
ies completed or in progress’ that 
characterize specific coastal areas 
of the United States. The Chenier 
Plain of Southwestern Louisiana and 
Southeast Texas was completed in 
1979. Studies completed in 1980 were 
the Sea Islands Region of South Ca- 
rolina and Georgia, the Rocky Coast 
of Maine, and the Pacific Northwest 
of Oregon and Washington (Figure 1). 
The Northern and Central California 
study is scheduled for completion in 
1981, and the Mississippi Deltaic 
Plain Region and Texas Barrier Is- 
lands Region studies in 1982, al- 
though various products from these 
studies are available or will be 
available in 1981. Studies for the 
Northeastern Gulf of Mexico (Alabama 
and panhandle of Florida) and South- 


western Florida and Keys were begun 
in 1980. Proposed characterization 
study areas include Chesapeake Bay, 
Delaware Bay and New Jersey, North 
Carolina, St. Lawrence Seaway, South- 
ern California, and Beaufort Coast, 
Lower Cook Inlet, and Bristol Bay in 
Alaska. 

Funds for the nine completed 


and ongoing studies were provided by 
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Figure 1. Completed, ongoing and proposed ecological characterization studies for United State 


Coastal areas. 


FWS, the Bureau of Land 
(BLM), and the’ Environmental 


tection Agency (EPA). 


Management 


Pro- 


CHENIER PLAIN REGION ECOLOGICAL CHAR- 
ACTERI ZATION 

The FWS, in with 
conducted an ecological char- 
study of the Chenier 
Region of Louisiana and 
Texas (Gosselink et al. 1979). The 
Study was begun in June 1976 and 
completed in May 1979. 


cooperation 
EPA, 
acterization 
Plain Coastal] 


The Chenier Plain coastal region 
extends from Vermilion Bav, Louisiana 
to East Bay, Texas. The lengthwise 
boundaries of the region are the 30- 
foot depth contour along the shore of 
the Gulf of Mexico and the 5-foot 
land elevation contour (Figure 1). 


The results of this study are 
contained in three volumes. Volume [| 
(Narrative Report) briefly describes 


the characterization process; de- 
scribes and analyses the climatic, 
geomorphic, and functional processes 
that formed or are changing’ the 


Chenier Plain; describes the drainage 


basins and habitats; and gives bio- 
logical accounts of the more impor- 
tant animal species. Volume II (Ap- 


pendixes) contains geological, hydro- 
logical, meteorological, chemical, 
biological, and socioeconomic data 
sources; describes socioeconomi¢ 
factors, oil and gas production, ag- 
ricultural values, sport and commer- 
cial fisheries, fur trapping, and 
waterfowl, fishes, and a habitat/spe- 
cies list; and data 
water discharges, phosphorus 
and habitat changes. 


contains about 


levels, 


Volume III (Atlas) consists of 


ten 1:125,000 scale plates (maps) and 
one 1:250,000 scale plate with data 
on the Pleistocene erosional surface, 
Chenier Plain habitat groups, Chenier: 
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and 
and special 


wetland habitats, canals 
source discharges, 


(bird 


Plain 
point 
teatures 


nesting colonies, 


archaeological sites, refuges and 
oyster reefs). 
MISSISSIPPI DELTAIC PLAIN REGION ECO- 


LOGICAL CHARACTERIZATION 


The FWS, in cooperation with 
BLM, is presently conducting an eco- 
logical characterization study of 


the Mississippi Deltaic Plain Region. 
The study was begun in July 1978 and 
will be completed in the spring of 
1982. The Mississippi Deltaic Plain 
Region is defined as that area 
extending along the coast from the 
western side of Vermilion Bay in 
Louisiana to the Mississippi-Alabama 
state line. The inland boundaries of 
the ecosystem are those defined by 
Louisiana Act 361 for the Louisiana 
Coastal Zone and by the +15-foot land 
elevation contour in Mississippi. 
The gulfward extent of the study area 
is the legal boundary’ separating 
State and Federal waters, 3 miles 
offshore (Figure 1). 
The products of the Mississippi 
Deltaic Plain Region Characterization 
Study will habitat maps, an en- 
vironmental bibliography, 
maps and report, an ecological 
atlas, and ecosystems models’ and 
narrative. The following sum- 
mary those and 


be 
soc1oeco- 


nomi ¢ 


is a 


of products status: 


1. The habitat maps are a collection 
of 464 mylar overlay maps 
1:24,000) depicting approximately 
habitats of the study for 

1950's period and 


(scale 
70 
the 
oft 
two 


area 
1978. 
for 


Area 
the 
sheet, 


mid 
habitat was measured 
by 
hydrologic 


each 


time periods topographi< 
unit, and parish or 
habitats 


Wicker 


State, 
were 


al. 


LT) 
1980 


changes 
(Wicker 


county, 
tabulated 
1980). 


et 


’ 


2. The environmental bibliography 
contains over 5,000 references per- 
tinent to the Mississippi Deltaic 
Plain Region and a user's manual for 
the computer storage retrieval sys- 
Lem, For the convenience of the 
user, the references are retrievable 


by author and category, such as geo- 
logy, hydrology, meteorology, botany, 
zoology, ecology, and man's influence 
on plants and animals. 


3. The socioeconomic maps consist of 
a series of 70 maps (scale 1:125,000) 
depicting features such as oil and 
gas infrastructure, pipeline routes, 
transportation features, point-source 
discharges, recreation, and tourism. 
Kach map is accompanied by tabular 
data in a map narrative. The report 
contains a volume of synthesis papers 


on various socioeconomic activities 
within the study area, such as oil 
and gas production, demography, land 
use, agriculture, commercial § fish- 
eries, trapping, recreation, and 
tourism (Larson et al. 1980). 

4. The ecological atlas (to be com- 
pleted in spring of 1981) will con- 
tain 78 maps (scale 1:100,000) and 
accompanying marratives. Maps will 
show oystering grounds, fish-spawning 
areas, sea turtle nesting areas, wa- 
terfow|] and furbearer concentra- 


tions, shoreline changes from 1955 to 
1978, boundaries of marsh types, phy- 
Sical properties such as soil types, 
geologic features, rainfall, and sur- 


face salinities; and socioeconomic 


activities such as conservation and 
recreation areas, major dredge-spoi| 
disposal areas, point source dis- 
charges, and oil and gas infrastruc- 
ture. 

5. The ecosystems models (to be com- 
pleted in spring of 1982) will con- 
Sist of detailed "energese" and pic- 
torial models of the ecosystem, as 
well as a narrative that will compile 


and analyze all of the data collected 
in the component parts (listed above) 
of the study. The models will be 
eccompanied by a user's guide. The 
Narrative supplements the ecosystem 
models by clarifying the causes and 
eftects of human activities, natural 
changes, and controlling influences 
upon the ecosystem and its’ hydro- 
logic units, habitats, and popula- 
tions. 


TEXAS BARRIER ISLANDS ECOLOGICAL 
CHARACTERIZATION 


The FWS, in cooperation with 
BLM, is presently conducting an ecol- 
ogical characterization study of the 
Texas Barrier Islands Region. The 
study was begun in June 1979 and will 
be completed in the winter of 1981. 


The study area extends from East 
(Galveston) Bay to the Texas-Mexico 
border, and from the State-Federal 
jurisdiction demarcation line off- 


shore to approximately 40 miles in- 
land. 

The four products of the study 
will be an ecological atlas, eco- 
systems model and narrative, envi- 
ronmental synthesis papers and bib- 
liography, and socioeconomic synthe- 
Sis papers and data appendix. The 
following 1s a summary of those pro- 
ducts and status: 

1. The ecological atlas (to be com- 
pleted in the winter of 1981) will 


contain 606 mylar overlay maps (scale 
1:24,000) depicting habitats and se- 
lected land uses in two time peri- 
ods--the mid 1950's and 1979. The 
will also contain 48 maps 
1:100,000) depicting biologi- 
resources, public 
gas 
pipelines, 


atlas 


(scale 


cal and mineral use 


areas, oil and infrastructure in- 


cluding point source dis- 


charges and archaeological sites. 


2. The ecosystems models and nar- 
ative report (to be completed in the 
winter of 1981) will contain descrip- 
tions of the biological systems and 
their functions within the study area 
(similar to the Mississippi Deltaic 
Plain Region Study). 


3. The environmental systhesis pa- 
pers (to be completed in spring of 
1981) are ecological overviews on the 
Six estuarine or hypersaline systems 
(Galveston, Matagorda-Brazos, San An- 
tonio, Copano-Aransas, Corpus Chris- 
ti, and Laguna Madre) and marine 
(offshore) system of the study area. 
The environmental bibliography con- 
tains over 1,500 1 >ferences pertinent 
to the study area and a user's manual 


for the computer storage retrieval 
system. For the convenience of the 
user, the references are retrievable 


by author, estuarine, hypersaline, or 
offshore system, and category (such 
as geology, hydrology, meteorology, 
botany, zoology, and ecology). 


4. The products of the socioeconmic 
portion of study are contained in two 
volumes. Volume 1, (socioeconomic 
synthesis papers) presents a synthe- 
sis of the data collection efforts. 
Papers were written on oil and gas 
production, recreation and tourism, 
commercial fishery, transportation, 
industrial and residential develop- 
ment, and agriculture. Volume 2 
(data appendix) contains data needed 
to prepare the synthesis papers (Lie- 
bow et al. 1980). 


CASE STUDIES OF APPLICATIONS 
ECOLOGICAL CHARACTERI ZATIONS 
TO FRESHWATER INFLOW ISSUE 


OF 


studies were 
data 


The 


selected 


following case 


to describe how in eco- 
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logical characterization studies doc- 
ument the effects of freshwater in- 
flow, and how the studies can be used 
in freshwater inflow planning. 


CHENIER PLAIN REGION (SABINE BASIN) 


There has been considerable 
change in the hydrology of the Sabire 
Basin and in the rivers that flow in- 
to the basin. Gosselink et al. (1979) 
described the effects of impound- 
ments on the flow of the fresh water 
to the basin, and the effects of ship 
channels and marsh impoundments on 
basin hydrology (Figure 2). The 
basin straddles the Texas~-Louisiana 
border, and the population concen- 
tration and heavy industrial develop- 
ment have modified the basin drama- 
tically. A combination of port de- 
velopment and the construction of 
reservoirs has significantly modified 
the hydrologic regime, especially 
sediment and nutrient transport. 


Prior to construction of the Sa- 
bine Ship Channel and the Gulf I[ntra- 
coastal Waterway, the entire flows 
of the Sabine and Neches rivers were 
directed through Sabine Lake. Most 
of the water from both the Neches and 
Sabine rivers is now diverted into 
the Sabine Ship Channel. There is 
saltwater intrusion in the dredged 
channels, in the ship channel, and in 
the north end of Sabine Lake. Other 
interconnecting canals with their as- 
sociated spoil deposits and ridges 
have further modified circulation, 
particularly on the west side of the 
lake. Total canal length is 1,244 
miles covering an area 8,315 acres of 
1.4 percent of the basin’s total land 
area. 


In addition to the increasing 
amounts of water being diverted from 
the Sabine and Neches” rivers, two 
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Figure 2. Sabine basin on Texas and Louisiana border showing circulation of water fol lowing ex- 
tensive modification for navigation deve lopment . reservolr construction and marsh impoundment . 
(from  Gosselink et al. 1979), 


large reservoirs upstream have chang- 
ed the salinity, modified the timing 
of treshwater inflow and reduced the 
amount of suspended sediment normally 
introduced by the rivers. River dis- 
charge has been dramatically cur- 
tailed during the spring of the year, 
when many ecological communities re- 


quire an influx of freshwater, sedi- 
ment and nutrients. Nearly 17 per- 
cent of the Sabine Basin wetlands 
(50,736 acres) have been lost since 


Direct habitat alterations as- 
of fresh- 


1952. 
sociated with modification 
water inflow include: 


(1) enlargement and realignment of 
ship channels; 

(2) construction of dredge spoil 
areas in Sabine Lake; 

(3) construction of 3,937 ft of 
levees; and 

(4) impoundment of 24,711 acres of 
marshes in Louisiana that had prior 


connections with Sabine Lake. 


Prior to the preparation of the 
Chenier Plain Ecological Character- 
ization, the total effects of mod- 
ifying freshwater inflows in the Sa- 
bine Basin were not identified be- 
cause the information was widely dis- 
persed in both published and unpub- 
lished reports. 


MISSISSIPPI DELTAIC PLAIN 
AND TEXAS BARRIER 
[ISLANDS REGIONS 


The Mississippi Deltaic Plain 
Region and Texas Barrier Island Re- 
gion Ecological Characterization stu- 
dy products (in particular the nar- 
rative report and ecological atlas 
with habitat maps) will provide sci- 
entists, project planners 
gers, regional national 


and mana- 


and resource 
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local, state and Federal 
and private entities with 


planners, 
officials, 


much valuable information useful in 
making decisions on water resource 
projects and estuarine inflows’ to 


Texas and southeastern Louisiana bays 
and estuaries, and in forecasting the 
effects of future land use changes. 


The ecological atlas will pre- 
sent information on the location, ex- 
tent and types of wetland existing 
in the study area in the mid-1950's 
and in the late 1970's. Wetland de- 
lineations will follow the Classifi- 
cation of Wetlands and Deep-Water 


Habitats of the United States (Cowar- 


din et al. 1977). Selected land use 
and land cover types in the uplands 
will be delineated as they existed in 
the late 1970's. These land use/land 
cover types will include: urban land; 
oil and gas facilities; agricultural 
land (rice fields will be delineated 
separately); forest land; barren 
land; barren spoil deposits; and bar- 
ren dunes. Wetland habitats will in- 
clude many areas of importance in the 
study of freshwater inflows, such as 
riparian marshes and woodlands, im- 
poundments and river deltas. The 
habitats and land use types depict- 
ed in the atlas and described in the 
narrative report are intimately as- 
sociated with the three most impor- 
tant aspects of freshwater inflow 
problems in the estuaries, these be- 
ing quantity, quality and timing. 
Structural features which affect the 
quantity and timing of inflow (such 
as impoundments and drainage facili- 
ties) will be inventoried, as will 
many features which affect water 
quality (such riparian wetlands, 
marshes and point source discharges). 
The locations urban and agricul- 
tural lands may be used 
tions of the sources 
magnitude of toxic 
ing the watersheds. 


as 


of 
in 

and 
substances 


investiga- 
relative 
enter- 


For example, habitat maps and 
associated data in the Mississippi 
Deltaic Plain Region Study indicate 
that over 500,000 acres (or 800 
Square miles) of southeastern Loui- 
Siana coastal wetlands were lost or 
altered during the period from the 
mid-1950's to 1978 (Wicker et al. 
1980). This represents an approxi- 
mate rate of loss of about 25,000 


acres (or 39 square miles) per year. 
The majority of the wetland changes 


were from marsh to open water. A 
summary of selected data showed a 
loss of approximately 487,000 acres 
of fresh marsh; 88,000 acres of 
swamp; 63,000 acres of lakes; and a 
gain of 23,000 acres of non-fresh 
marsh, 450,000 acres of estuarine 
open water bodies, 59,000 acres of 
developed land, and 47,000 acres of 


spoil areas (Wicker et al. 1980). 


comparing the information 
from the mid-1950's with that from 
the late 1970's, trends in factors 
pertaining to the problem of fresh- 
water inflows may be determined, and 
the cumulative effects of further 
alterations within the coastal water- 
sheds may be estimated. Planners and 
managers will be able to address more 
effectively the effects of further 
proliferation of land use features 


By 


which directly influence freshwater 
impacts to the estuaries. This capa- 
bility will be facilitated and en- 


hanced by the narrative report, which 
will include ecosystem models and de- 
tailed discussions of the function, 
structure and controlling influences 
of the coastal habitats. The effects 
of land use changes upon the coastal 
ecosystems will be explained = and 
(where possible) quantified, enabling 


the user to understand and predict 
the consequences of future altera- 
tions. 
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CONCLUSIONS 


As evidenced by the examples 
cited above, ecological characteri- 
zation studies compiled diverse kinds 
of information from widely scattered 
sources. The information is the best 
available, its sources are verified, 
and readers are directed to a wide 
range of referenced source material. 
The products are accessible to both 
scientific and technical levels in 
planning freshwater inflows’ to 
estuaries. 


of 
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CHAPTER 1] 


REHABILITATION OF ESTUARIES THROUGH REINTRODUCTION OF 
FRESHWATER INFLOW 


THE MOUTH OF THE COLORADO RIVER PROJECT 


AN ECONOMIC DEVELOPMENT-ENVIRONMENTAL ENHANCEMENT PROJECT 


Joseph C. Trahan 


Chief, Engineering Division 
Galveston District, Corps of Engineers 
Galveston, Texas 


ABSTRACT 
The Mouth of the Colorado 
River Project will provide a jet- 
tied entrance channel in the Gulf 


of Mexico at the mouth of the Colo- 
rado River, Texas; a navigation 
channel to Matagorda; a diversion 
channel and dam to divert the flow 
of the river into Matagorda Bay; 
and related improvements. A his- 
tory of project planning is pre- 
sented to illustrate both  inter- 
agency conflicts over data needs 
and proper reporting procedures and 
interagency cooperation on the 
studies finally conducted. The 
studies, which include an economic 
evaluation of the benefits of river 
diversion and a delta growth pro- 
jection based on an in situ _ sedi- 
ment study, mathematical modeling, 
a bay-bottom coring program, and a 
hydrographic survey are described, 
and the results of the study are 
presented. Because the studies 
show that a river delta of valuable 
intertidal marsh habitat would form 


and that additional] freshwater 
inflow would significantly enhance 
the fishery, construction of the 
river diversion project is recom- 
mended. The project described 
illustrates the conflicting needs 
involved in freshwater inflow deci- 
sions and the complex data require- 
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ments of the decision process, and 
emphasizes that, because definitive 
scientific answers to inflow issues 
are often unavailable, a cooperative 
attitude among the affected parties 
is essential if results are to be 
achieved. 


The project area includes the 
lower 7 miles of the Colorado River 


and extends from the Gulf Intra- 
coastal Waterway (GIWW) near’ the 
town of Matagorda to the Gulf of 
Mexico. In this reach the Colorado 
River has a_ bank-to-bank width of 
about 300 feet and, prior to the 
dredging operations of the Colorado 
River Flood Discharge Channel, a 


project constructed by the Corps of 
Engineers in 1973, the river channel 
depths varied from about 1 foot at 
the mouth to about 20 feet at the 
junction with the GIWW. The channel 
was dredged to a depth of 12 feet 
and width of 125 feet in 1973. In 
the half-mile reach immediately down- 


stream from the GIWW, dredged ma- 
terial disposal areas having eleva- 
tions higher than 10 feet mean sea 
level are adjacent to the river 
channel. Downstream from the dis- 
posal areas the west bank is about 
5 feet high, but it decreases to 
about 2 feet near the mouth. Sand 
dunes along the barrier beaches near 
the mouth of the river are 8 to 10 


feet high. Land surfaces of the riv- 
er banks slope away from the river 
toward Matagorda and East Matagorda 
bays. The wide delta of the Colorado 
River, from the mainland to Mata- 
gorda Peninsula, was formed by 
river sediments over the last 50 


to 60 years and is mostly low marsh 
land except in the area adjacent to 
the river. 


Navigation features of the 
Mouth of the Colorado River Project 
include jetties, entrance and navi- 


gation channels, recreation facili- 
ties, a low-sill weir in Tiger 
Island Channel, and a harbor and 
turning basin. The navigation 
channel, when constructed, will 
coincide with the existing -lign- 
ment of the Colorado River. Diver- 


sion features of the project pro- 
vide for full, uncontrolled diver- 
sion of the Colorado River into 
Matagorda Bay. Specifically, the 
diversion features include a diver- 
sion channel from the GIWW to the 
open waters of Matagorda Bay, a 
diversion dam in the river, a re- 
located navigation channel, a dam 
in Tiger Island Channel, and new 


oyster reefs in Matagorda Bay. 


INTRODUCTION 


The Mouth of the Colorado River 


Project is a shallow-draft naviga- 
tion project. It was formulated in 
the early 1960's by the Corps of 
Engineers to satisfy the need for 
a dependable navigation channel in 
the Colorado River between the Gulf 
Intracoastal Waterway (GIWW) and 


the Gulf of Mexico. The project was 
authorized by the Congress as a trib- 


utary channel to the GIWW. [t is 
this authorization which provides 
a basis for the Corps of Engineers’ 
departure f rom the traditional] 
navigation-only mission to involve- 
ment in a project specifically de- 
Signed to enhance the environment 


of Matagorda Bay. 
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The Mouth of the Colorado River 
Project is located in Matagorda 
County and on the Texas coast at a 
point about midway between Galveston 
and Corpus Christi. The location 
of the project is shown in Figure l. 


This paper discusses the con- 
cerns which surfaced during project 
planning, describes briefly the stud- 


ies undertaken to address those 
concerns, and presents’ the results 
and outcome of those efforts. It 


identifies the interagency differ- 
ences and cooperation which were a 
Significant part of developing the 
diversion features of the Mouth of 
the Colorado River Project. It will 
also serve to illustrate the techni- 
cal problems and conflicts which 
can be expected in any fresh- 
water diversion study and the coop- 
eration needed to arrive at appro- 
priate solutions. 


THE AUTHORIZED PROJECT 


The Mouth of the Colorado Riv- 
er Project is described in Senate 
Document No. 102, 90th Congress, 
Second Session and was authorized 
by Section 101 of the River and 
Harbor Act of 1968. As authorized, 
the project consists of a jettied 
entrance channel, i5 feet deep. by 
200 feet wide, in the Gulf of Mexi- 
co; a Mmavigation channel, 12 feet 
deep by 100 feet wide, from the 
Gulf shore to the  GIWW;_ harbor 
and turning basin, 12 feet deep by 
350 feet wide by 1,450 feet long, 
adjacent to the north side of the 
GIWW at Matagorda; a diversion 
channel, 250 feet wide and varying 
in depth from 20 to 23 feet, to 
divert the Colorado River flows into 
Matagorda Bay; a diversion dam 
across the existing discharge chan- 
nel near the junction of the Colo- 
rado River and GIWW; bank protection 
along the Tiger Island Channel; and 
a public use area with recreational 
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to the 
contigura> 


adjacent 
channel. The 
of the 
in Figure 2, 


facilities land 
navigation 
tion and 


project 


on 
features authorized 


are shown 


BACKGROUND 


The primary purpose of the proj- 


ect was navigation, Diversion of 
the Colorado River was adopted as 
a means of minimizing the mainte- 
nance cost associated with sediment 
deposition and shoaling in the navi- 
gation channel. In effect, the bay 
was to serve as a natural disposal 
area tor maintenance material from 
the navigation’ channel. Although 
the diversion channel was expected 
to produce major benefits for the 
commercial seafood industry as wel] 
as small reductions in flood dam- 
ages in the lower reaches of the 
river, this feature of the project 
was incidental to the navigation 
purpose. In 1968 the projected in- 
creases in fishery resources were 
based on an evaluation of the nutri- 
ents and fresh water which would be 
introduced into Matagorda Bay by 
the diversion. The evaluation also 
included an assumption that Colum- 
bus Bend Reservoir, a 235,000-acre- 
foot water supply project under 
study by the Bureau of Reclamation, 
would be constructed at river mile 
144 near Columbus, Texas. The 
Columbus Bend Project was expected 
to reduce the 1,650-acre-foot annu- 
al sediment load in the downstream 
reaches of the river to acceptable 
levels so that the volume of sedi- 
ment delivered to Matagorda Bay 
through the diversion would not fill 
a large portion of the bay. After 
the preauthorization studies were 
completed and the Mouth of the 
Colorado River Project was author- 
ized, the plans for the Columbus 
Bend Reservoir project became indef- 
inite. The Water and Power Re- 


sources Service (formerly the Bureau 
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evalu- 
Colum- 
other 


currently 
of the 
well as 
the 
studies 


Reclamation) 18 
ating the feasibility 
Bend as 
reservo1r 

River, but 
been completed. 


ot 
bus project, 


projects on Colorado 


these have not 


AGENCY DIFFERENCES DEVELOP 


associated 
other 

River 

for 


uncertainties 
Bend 


Colorado 


The 
Columbus 

the 

basic 


with and reser- 
voirs 
tated a new the 
post authorization planning of the 
project, i.e., existing sediment 
loads during moderate and high 
flows would continue in the absence 
the planned’ reservoirs. The 
nature and extent of sediment depo- 
Sition in Matagorda Bay and 
in bay water salinity and 
tion patterns, resulting from 
sion the river, would have 
projected, and the effects. on 
the productivity of the bay would 
have to be evaluated. The total 
effects river diversion and sedi- 
mentation in Matagorda Bay, although 
summarily in the preau- 
thorization were the 
ject of and continued 
dination with the Fish Wildlife 
Texas Parks Wildlife 
Nationa] Fisher- 
well 
from 
studies 


on dic- 


assumption 


river 
of 


changes 
circula- 
diver- 
of to 


be 


of 


dismissed 
studies, sub- 
close coor- 
and 
and 
Marine 
other 


time 


service, 
Department, 
Service, 
cerned agencies 
authorization 


as con- 
the 


were 


Les as 
post 


initi- 


ated. The Fish and Wildlife Service 
initially attributed considerable 
fishery benefits to the diversion 
feature of the project; but, sub- 
sequent reconsideration of the di- 
version without the upstream reser- 
voirs caused the Fish and Wildlife 
Service to request substantial addi- 
tional information. Data on the 
dispersal of sediments, rate of 
expected delta development, the dis- 
tribution of fresh water in the bay, 
the effects on salinity regime in 
the bay, and the volume of tresh 
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water that could be 


lost to the gulf via Tiger Island 


eCXpe ted to be 
Channel were requested. In the 
accurate data on these 
eftects 
of diverting the river into the bay 


absence of 
aspects, the environmental 
identified and 
Sutficiently to satisfy the 
National Envi- 
Consequently, 
hazards 


could not be 
tified 
requirements of the 
ronmental Policy Act. 
because of the 


quan 


potential 
associated with large quantities of 
uncontrolled sediments, the Corps of 
Engineers took the conservative 
approach to implementing the author- 
ized navigation project. The proj- 
ect was reformulated to eliminate 
the environmental 


nating the diversion 


risks by elimi- 


features trom 


the project. The reformulated proj- 
ect, consisting of only the navi- 
gation and recreation features, 


would still 


purpose for 


accomplish the primary 
which it was author- 
ized, i1.@€., 


the Colorado River. 


improved navigation = on 


A Draft Design Memo- 
randum and a Draft Environmental 
Impact Statement were prepared for 


the reformulated plan and circulat- 


General 


ed for review and comment to the 
other agencies. In subsequent 
coordination, over a period. of 


3 years, the fish and wildlife 
repeatedly and strongly 

retaining the diversion 
feature in the pian. When the final 
reporting 
the diversion feature was included; 


agencies 
recommended 


documents were prepared, 


but, because the engineering work 
on the navigation features was well 
advanced, a phased approach to proj- 
ect implementation was recommended. 
Consequently, a staged-construction 


schedule for the authorized project 


was developed with the objective 
Of achieving the navigation and 
recreation benefit: yf the project 


while the data collection and evalu- 


ation processes for the liversion 


features were continuing, Con- 
struction of the diversion features 
latte 


constructing 


was scheduled for Stages. 
lhe proposed plan tor 
Lhe navigation and recreational 
features of the project, as well as 
the interrelationships between the 


navigation and diversion features, 


was presented in a 19// Phase | 
Memorandum; the 


features of the 


Genera] Design 


river diversion 
project were to be addressed in 


separate Phase | General Design 
Memorandum and Environmental 
Statement. 


porting the diversion reports could 


Impact 
Before the studies sup- 
begin, more 


interagency meetings 


were held, and major agreements 
between top-level agency executives 
had to be reached. 

Basic issues which divided the 
agencies concerned the separability 
of the project features, the degree 
of certainty that 


produce net 


diversion would 
gains to the bay en- 


vironment, and the data needed for 


a sound decision. The fish and 
wildlife agencies believed that 
separating the navigation and 
diversion features of the Mouth 


of the Colorado River Project would 


produce unacceptable environmental] 


consequences as_~ well as violate 
provisions of the National Environ- 
mental Policy Act. The 
Engineers, on the other 


Corps of 
hand, was 
convinced that the two projects, 
although authorized by the same 


legislation, were legally, func- 


tionally, economically and environ- 


mentally separable. The Corps. of 


Engineers advocated immediate’ con- 
Struction of the navigation project 


so that national and local benefits 


could begin to accrue as_ soot 1S 
possible, but counselled ¥ nst 
construction of the diversion \- 
ect until sufficient information 


to provide a basis for. predicting 
environmenta | impacts 


developed. The fish ind 


potenti i | 
could bye 


wildlite agencies, convinced of the 
environmental gains to be achieved 
by diverting the river to the bay, 
pressed for concurrent construction 
of the projects on the basis that 


sufficient information was already 
available to make the decisions 
about the environmental impacts of 
diversion, 

The coordination activities in- 
volved an effort to resolve the dift- 
ferences on these issues and were 
time consuming and costly. To 
others, particularly the local spon- 
sors and members of the public, these 


have appeared pointless 
and wasteful. Although difficult for 
some to understand, the lengthy in- 
Leragency coordination activities, 
particularly those since 19/6, 
to have produced positive results and 


efttorts must 


adppea r 


a Clear course of action for imple- 
menting both features of the Mouth of 
the Colorado River Project. 
AGREEMENT, COOPERATION AND PROGRESS 
In the summer of 1979, while re- 
ports on the navigation project were 
being prepared for submission to the 
Congress for a construction appro- 
priation, a key interagency meeting 
was held in Washington, D.C. It was 
this meeting which produced the 
agreements necessary to proceed with 
development of the diversion project 


on a cooperative basis. 

Although the fish and wildlite 
agencies did not concur in the 
Staged-construction approach, they 
did agree that additional] data on 
freshwater diversion were needed. The 
Environmental Protection Agency, how- 


withheld 


ever, specifically approva | 
on any dredging activities for the 
navigation project until the effects 


oft the diversion project were identi- 


fied. The Corps of Engineers agreed 
that construction of the navigation 
features would be delayed until di- 


version studies were completed and a 


dratt environmental impact statement 
had been coordinated with the other 
agencies and the public. This part 


of the agreement effectively resolved 
the separability issue because a 
fully coordinated draft environmental 
impact statement was expected to 
eliminate any obstacles to construc- 
tion of the diversion features. With 
the filing and approval of the ap- 
propriate documents, essentially con- 
Current construction of the diversion 
and navigation features of the proj- 
ect would be within reach. 


The other major feature of the 
agreement assigned responsibility for 
determining the depth of the diver- 
sion studies to the Corps of Engi- 
neers. The other principal agencies 
would provide technical input in 
their respective areas of expertise. 
With these issues settled, only the 
studies and preparation of the _ re- 
ports remained to be accomplished. 


An intensive study program was 
developed to accomplish the minimum 
studies needed to answer the criti- 
cal questions concerning diversion 
of the Colorado River into Matagorda 
Bay. How much fresh water would be 
put into the bay and how much change 


in salinity levels would be achieved? 


How would this change affect biologi- 


cal productivity? How much sediment 
would be delivered to the bay and 
where would it be deposited? How 
much bay bottom would be converted 
to delta and how much of the delta 
would become tidal marsh? In addi- 
tion to these di. ficult questions 
concerning environmental changes in 
the bay, there were the traditional 
engineering and economic questions 


Engineers’ 
, What, if any- 
done’? What is the 

How much will it 


asked in all of 
planning studies, 
thing, should be 
best alternative? 
cost? Who will pay tor it? All of 
these questions were to be answered 
within severe time constraints. 


Corps 


i.e, 


The 
consisted 
tures, a 
matical 


study program 
of three principal’ fea- 
delta growth study, mathe- 
modeling of the bay, and a 
benefit analyses. To answer delta 
growth questions, four basic stud- 
les were required, sediment analy- 
ses of the river and the bay, hy- 
drodynamic modeling of the bay, a 
coring program of the bay bottom, 
and a bathymetric study. The 
fit analyses consisted of project- 
ing increased biological productivi- 
ty and estimates the 
value of this productivity. 


cooperative 


bene- 


oft economi ¢ 


To accomplish the work, the 
Study team included technical  ex- 
perts from the various State = and 
Federal agencies. Also, a private 
consultant was retained by the 
Corps of Engineers to produce major 
inputs for the studies. The Corps 
of Engineers coordinated the work 
and supplied the hydraulic and 
engineering expertise. The U.S. 
Geological Survey conducted = analy- 
ses of the river sediment load. 
The Texas Department of Wate 
Resources provided the mathematica! 
model of Matagorda Bay. The private 
consultant synthesized the data _ to 
produce estimates of the nature and 
extent of the delta development. The 
U.S. Fish and Wildlife Service, with 
the assistance of the National 
Marine Fisheries Service and the 
Texas Parks and Wildlife Department, 
provided technical input on the 
amount and value of increased pro- 
ductivity to be expected from. the 
diversion. Although, in the begin- 


and agency 
difficult 


Op inlons 
made it 


hing, dittering 
responsibilities 


Lo get the work started, in the end, 
a wide range of expertise was gath- 
ered from both the Government and 


private sectors to form an effective 


Study team. 


STUDIES AND INVESTIGATIONS 


The primary goal of the studies 
was to determine the extent and type 
of delta building that would occur 
in Matagorda Bay with river diver- 
sion, The results of an in situ 
sediment study, mathematical model- 
ing of salinity and circulation pat- 
terns, sampling to determine 
past patterns, and a 
new bathymetric survey of eastern 
Matagorda Bay were used by the delta 
growth study contractor, Coastal 
vironments, Inc., Baton Rouge, 
Siana, to predict delta growth rates. 


core 
sedimentation 


kn- 
Loui; 


Additional literature and field in- 
vestigations were made by the Fish 
and Wildlife Service as a part of its 
evaluation of the benefits of the 
diversion features, and an archeo- 
logical survey was made to locate any 


resources along the proposed 
the channel. 


cultural 


alignment of diversion 


rhe sediment 
necessary 
data 


Colorado 


in situ Study was 
because the only available 
the sediment load of the 
River collected at 
about upstream 
the 


basin 


on 
was 
135 


area, 


Columbus , miles 
oft the 

Colorado 
at 
existed 
data 
Lion 
the 

field 


project and above 


River sedimentation 
City. 
that 
not 


Considerable concern 
the 


provide 


say 
upstream sediment 
valid indica- 
oft to 


Therefore, a 


would 
ot 


project area. 


actual intlux sediment 


sampling and laboratory analy 


ffort was designed in consu!ta- 
sith the U.S. Geote 


the del 


Of) 


and 


' 


morate 


the U.S. 
The analysis and 


analyses were by 
Geological Survey. 
interpretation of results were 


by the delta study contractor, 


performed 


done 


The mathematical modeling ef- 
fort was executed in two segments. 
Modeling of circulation patterns, 
tidal currents, and flood discharge 
currents were done by the delta 
study contractor to provide an ana- 
lytical tool for’ predicting post 
diversion sedimentation character- 
istics. Data from the hydrodynamic 
model were used as input’ to the 
salinity model to predict changes 
in bay water salinity. The work 
was done by the Galveston District 
using models derived from those 
developed by the Texas Department 

Water Resources. Department 
Water Resources staft members as- 
in adaptation and application 
models. The models consist- 
ed of mathematical hydrodynamic and 
mass transfer models utilizing a 
one-nautical-mile grid representing 
Matagorda Bay as a_ computational] 
base. Initial runs were made to 
duplicate results of model calibra- 
tion runs made by the Texas Depart- 
ment of Water Resources to insure 
that the models were operating cor- 
rectly, then multiple production 
runs of existing conditions and 
with-project conditions were made 
to predict salinity changes caused 
by various configurations of river 
diversion. Additional computer back- 
water profiles were also developed by 
the Galveston District to determine 
design features of the proposed plan 
and the primary alternative plan. 


ot 
oft 
sisted 
of the 


A field sampling program’ was 
undertaken jointly by the Corps of 
Engineers and the delta study con- 
tractor to recover soil cores’ from 
the existing Colorado River delta. 
Projections of future delta growth 
trends were in part based on _ his- 


characteristics 
Cores 


toric sedimentation 
revealed by the core samples. 


were taken along transects extending 
from the existing delta shoreline 
into Matagorda Bay and ana:yzed_ by 
the contractor in order to evaluate 


historic prodelta deposition. 


A bathymetric survey of the 
eastern arm of Matagorda Bay was 
made by the Corps of Engineers. This 
Survey was necessary for determining 
the existing volume of the bay which, 
when compared to the inflow rate for 
river sediments, would determine the 
rate of delta progradation. 


An evaluation of project ef- 
fects on fisheries productivity in 
Matagorda Bay was made by the Fish 
and Wildlife Service in cooperation 
with the Texas Parks and Wildlite 
Department and the National Marine 


Fisheries Service. The goals of the 


study were to determine the optimum 
ratio of open water to marsh areas 
and to estimate the economic value 
of increases in productivity expect- 
ed to occur as a result of the pro- 
posed river diversion. Required data 
were gathered from literature’ and 
from field inspections. The method 
developed by the Fish and Wildlife 


Service for evaluating productivity 
changes was adopted by the Corps of 


Engineers for the determination of 
project benefits. 
An archeological survey of pro- 


posed work areas was also undertaken 


by contract with Coastal Environ- 
ments, Inc. An earlier reconnais- 
sance survey conducted by Comstock 
and Galloway of the Texas Archeolo- 
gical Survey, University of Texas 
at Austin, reported no cultural re- 
sources in the project area. They 
attributed this to the fact that land 
areas are of very recent origin. How- 
ever, a concern remained that his- 


toric shipwrecks could be located in 


open water areas or buried under re- 
cent delta sediments in areas where 
channel dredging would occur. There- 


fore, a magnetometer survey was made 
to identify any such resources that 
might be damaged by dredging. The 
Survey area was found to contain no 
anomalies requiring further study. 
Benefits attributable to the 


river diversion project were derived 


from enhancing the Gulf of Mexico 
and Matagorda Bay commercial fish- 
eries. The enhancement stemmed 
from reductions in bay salinities, 
establishing a- salinity gradient 
in the bay, increased input of 
nutrients, and creation of new 


marsh areas through delta 
Monetary benefits of the 
project were evaluated 
by the Fish and Wildlife 
and the Corps of Engineers, 
assistance and concurrence 
Texas Parks and Wildlife 
Department and the National Marine 
Fisheries Service. Evaluation of 
project benefits was separated into 
three sectors, i.e., the Matagorda 
Bay fishery, offshore fishery, and 
benefits of placing oyster cultch 
material in the bay. Projections 
for bay fisheries changes were made 


intertidal 
growth. 

diversion 
jointly 
Service 
with 

of the 


using a methodology developed by 
the Fish and Wildlife Service in 
cooperation with the Texas’ Parks 
and Wildlife Department and_ the 
National Marine Fisheries Service 
and reported to the Corps of Engi- 
neers in April 1979. The method is 


based on the hypothesis that divert- 
ing the river into the bay will cause 
a partial return to fishery condi- 
tions which existed when the Colorado 
River discharged directly Mata- 
gorda Bay at Matagorda, before delta 


into 


growth and related dredging created 
the present discharge directly to the 
Gulf of Mexico. 


A survey of Matagorda Bay oys- 
ter population made by Dr. H. F. 
Moore in 1904 was used to define 
historic fishery conditions’ with 
respect to oysters in Matagorda 
Bay. Because of the great detail 
and apparent accuracy with which the 
investigators mapped the reefs and 
processed hundreds of oyster and 
bottom samples, Moore's’ study is 
considered to be a valid indicator 
of historic oyster population size. 


The study was conducted by estab- 
lishing transects across’ the bay 
at 300- to 800-yard intervals de- 
pending on oyster reef size and 
density and taking soundings’ with 
a pole at 30-yard intervals on each 
transect to locate oysters = and 
record depths. Once oysters were 
located they were mapped, and all 


oysters were removed from a 5 square- 
yard area. Oyster samples were then 
separated into those less than 1 
inch, between 1 and 3 inches, and 
over 3 inches to determine population 
density. The shape and quality of 
the oysters, species of other animals 
and plants, and quantity of dead 
shell were also noted. If a similar 
study were conducted today, it could 
be done with greater ease and more 
quickly because of advances in elec- 
tronic positioning and bottom pro- 
filing equipment, but it is doubtful 
the results would be more accurate. 


Because of 
flow and 
Bay by 


present reduced 
isolation of East 
the existing Colo- 
the river diver- 
expected to cause 
return to the his- 
described by Moore. 
projecting probable 
population densities 
only reefs in the 
Matagorda Bay, i.e., 
Colorado River 
the 


river 
Matagorda 
rado River delta, 
sion project is 
only a partial 
toric condition 
Therefore, in 
future oyster 
from diversion, 
eastern arm of 
of the present 
were 


west 


delta, considered, and 


populations projected on those reefs 
were reduced 16 percent from those 
reported by Moore to reflect the 
effects of an estimated reduction 
from historic. river flows  (USCE 
1977). « itional adjustments 
were made to determine the total 
oyster population projected to be 
available for harvest and the per- 
centage of that population’ that 
would be harvested each year. 


Because oystering was the only 
Significant commercial fishery at 
the time of Moore's study, no his- 
toric data similar to Moore's are 
available for the other’ fisheries 
of Matagorda Bay; therefore, = an 
alternative method of projecting 
probable shrimp and crab_ harvests 
was developed. Commercial fisher- 
ies statistics were used by the 
Fish and Wildlife Service to deter- 
mine the ratio of commercial shrimp 
and crab harvests to commercial 
oyster harvests for Matagorda and 
San Antonio Bays. Because of 
differences in physical and biolog- 
ical characteristics, each bay has 
a different ratio of shrimp—= and 
crab harvest to oyster’ harvest. 
Future shrimp and crab harvests 
from Matagorda Bay are determined 
by assuming that the~ ratio. of 
shrimp and crab harvest to oyster 
harvest will be similar to the 
ratio of the bay having overall! 
physical and biological character- 
istics most similar to those pro- 
jected for Matagorda Bay after 
diversion. With anticipated oyster 
harvest future shrimp 
and crab harvests were estimated on 


determined, 


the basis of the expected ratio of 
harvests. San Antonio Bay was se- 
lected as the most similar to. the 
future Matagorda Bay after diver- 


sion, and harvest ratios” of 2.6 
pounds of white shrimp, 0./7 pounds 
of brown shrimp, and pounds of 
crabs for each pound of oyster: 


were calculated 


Increases in otfshore shrimp 
harvests were determined separately, 
and are based on a correlation be- 
tween freshwater inflow and _ estu- 
arine productivity. The National 
Marine Fisheries Service reported an 
apparent | to | correlation between 
freshwater inflows to an estuary and 
white shrimp population size in that 
estuary. The brown shrimp population 
was reported to vary about one-third 
as much as freshwater inflow. In- 
creases in offshore’ shrimp catch 
were calculated by determining the 
increase in freshwater inflow to 
Matagorda Bay as a result of diver- 
sion and then determining Matagorda 
Bay's increased contribution to the 
offshore shrimp harvest by multi- 
plying the bay's current contribu- 
tion by appropriate’ factors for 
freshwater increases and the cor- 
relation between population size 
and freshwater inflow. 


The estimated value of the an- 
ticipated increased commercial sea- 
food catch was based on the use of 
dockside prices paid directly to the 
fisherman or boat owner. It was de- 
termined that the existing shrimp, 
oyster, and crab fleets currently 
operating along the gulf coast were 
adequate to harvest the projected in- 
crease in commercial seafood products 
induced by construction of the diver- 
Sion project. New capital investment 
(fixed cost) to build additional 
boats will not be required; there- 
fore, it was not necessary to adjust 
benefit values derived from dockside 
prices. Variable costs otf the com- 
mercial fishermen were also found to 
have an insignificant impact on bene- 
fit values. Therefore, it was deter- 
mined that use of dockside prices to 
estimate benetits of diversion was 
ippropriate for this” project How- 
ever, it may be inappropriate to use 
dockside prices for similar studies 


in other areas, 


The recommended plan for the 
diversion features of the Colorado 
River Project provides for increas- 
ing the size of Mad Island Reef, 
and creating a new oyster reef off 
Rattlesnake Point by placement of 
new shell substrate. Using  pro- 
duction estimates developed by the 
Texas Parks and Wildlife Department 


and dockside prices, benefits attrib- 
utable to the oyster cultch were 
derived. These benefits were = ad- 
justed to reflect and account’ for 
existing production of the reefs. 


STUDY RESULTS 


Results of the studies showed 
that full diversion of the Colorado 
River into Matagorda Bay will pro- 
duce beneficial changes in the ecol- 
ogy of the bay and tangible national 
benefits. The volume and charac- 


teristics of river sediments and 
the bay circulation patterns’ and 
velocities are such that the diver- 
Sion project is expected to produce 
a 2,000-acre delta in 50 years. 
Left to natural processes, most of 
the Colorado River delta is expected 
to develop into a biologically pro- 
ductive low marsh. Freshwater flows 
of the river will reduce salinity 
levels in the eastern arm of Mata- 
gorda Bay and establish a relative- 
ly stable salinity gradient in the 
bay. The diversion project will 
also increase the inflow of nutri- 
ents to the bay. As a result, 
tangible benefits amounting to 
about $10.2 million annually are 
projected to be derived from en- 
hancing the bay fishery ($8. ] 
million) and the offshore’ fishery 
($2.0 million) and from” placement 
of oyster cultch in the bay ($0.1 
million). These benefits, when 
compared with the $11 million cost 


be | 


of diversion at the interest rate 
applicable to the authorized Mouth 
of the Colorado River Project (3-1/4 
percent), produces a_ benefit-cost 
ratio of more than 19. At the in- 
terest currently prescribed by the 
National Water Resources Council for 
evaluating water resources projects, 
7-1/8 percent, the benefit-cost ratio 
of the project is almost 10. 


CONCLUSIONS 
After years of coordination 
and speculation over the merits 
and hazards associated with divert- 
ing the Colorado River into Mata- 


basic 
the 


studies and analy- 
information neces- 
sary for a decision. By diverting 
the river, a delta will form and 
cover some bay bottom; but, mostly 
productive low marsh will be cre- 
ated. Environmental gains will far 
exceed the environmental drawbacks. 
Consequently, the Galveston District 
of the Corps of Engineers has pre- 
pared the appropriate reports” re- 
commending construction of the di- 
version features of the authorized 
Mouth of the Colorado River Project. 


gorda Bay, 
ses produced 


which were 
the beginning 


Project features, 


described briefly at 


of this paper, include a diversion 
channel, 20 feet deep and 250 feet 
wide; an earth-filled diversion dam 
with a crest elevation of 16 feet, 
mean low tide; a relocated naviga- 
tion channel, 12 feet deep and 100 
feet wide; a hydraulically con- 
structed dam in Tiger Island Chan- 
nel, and creation of new oyster 
reefs in Matagorda Bay. The first 


cost of the recommended plan is 
estimated at $10,979,000, including 
the cost of acquiring disposal 
areas for the excavated material. 
After construction, the diversion 


be 
maintaining and the annual operation 


channel is expected to self- 


will be 
dam and a 
effects of 


and maintenance’ expense 
limited to the diversion 
program to monitor the 
diversion. 

The authorized cost-sharing 
formula for the Mouth of the Colo- 
rado River Project was_ oriented 
toward the navigation features with 
the local sponsor required to bear 
the cost of lands, easements’ and 
rights-of -way, relocation of utili- 
ties, and disposal areas. At the 
time of authorization, the diversion 
channel was considered to be a navi- 
gation feature, designed to _ reduce 
Shoaling and hazards in the naviga- 
tion channel. Post authorization 
planning, however, showed that the 
navigation project could be built 
Without a river diversion, and that 
the diversion feature's most signi- 
ficant impact was fishery enhance- 
ment. The recently completed re- 
port, therefore, recommends — that 
the authorized cost-sharing formula 
be modified to provide for full 
Federal funding of the diversion 
features. This aspect is important 
because many of the local residents 
do not view the diversion project 
as being beneficial to their inter- 
ests and, consequently are_ reluc- 
tant to invest local funds to con- 
struct it. 


contribution 
those involv- 
water course, 


The fresh water 
issues, particularly 
ing diversion of a 
will not be settled easily. There 
are many varied views the sub- 
ject which stem primarily from 
flicting, but valid, water needs. 
Difficulties are compounded by 
cial interest groups viewing issues 
from differing value systems, e.g., 
local vis a national viewpoints 
and development vis-a-vis 
vation viewpoints. The Mouth 
Colorado River Project has 


on 
con 


spe- 


Vis 
preser- 
of the 
demon- 
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Strated that many important decisions 
will have to be made in the absence 
of definitive scientific data. 
Probably the most important lesson to 
be learned from the Mouth of the 
Colorado experience, however, is that 
action programs which” serve the 
public interest will only occur in an 
atmosphere of cooperation. 
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ABSTRACT 


Matagorda Bay, Texas is experi- 
encing increasing development on its 
periphery and in its drainage basin. 
These developments include fresh- 
water inflow alterations and diver- 
sions, among others, and require in- 
vestigations to ascertain ways to 
manage them to maintain the produc- 
tivity of the system. Studies being 
conducted to develop such informa- 
tion and preliminary’ results’ are 
described. 


INTRODUCTION 


The Matagorda Bay system is 
one of the principal embayments on 


the Texas (and the gulf) coast, 
second in total surface area only 
to the Galveston System. The most 
Singular feature of the Matagorda 


Bay System vis-a-vis the other Texas 
coastal bays is the relative lack 
of urban-industrial development 
around its periphery. This is” an 
anomaly of history, for despite its 
Superior geographical situation, the 
bay system never developed economi- 
cally to the extent of other Texas 
bays. In recent years, however, the 
Matagorda Bay area and _ watershed 
have been subjected to increasing 
development. Since about 1940, 92 
percent of the Colorado River drain- 
age area has been regulated by the 


Highland Lakes reservoirs, and four 
additional reservoirs downstream 
have been proposed. On the Navidad 
River, Palmetto Bend Dam construc- 
tion has been completed and = im- 
poundment in the reservoir has _ be- 
gun. There is a proposal to dredge 
and maintain the mouth of the Colo- 
rado (which has debouched directly 
into the gulf since the creation of 
its delta in the 1930's) as a naviga- 
tion project, and there is an asso- 
ciated proposal to divert the Colo- 
rado flow directly into Matagorda 
Bay. Increased industrial develop- 
ment in the Port Lavaca-Point Com- 
fort area led to the construction 
of the Matagorda Ship Channel in 
1963, so that the bay is now tran- 
sected by a deepdraft channel, as 
are most of the other principal bays 
on the gulf coast. There are pro- 
posals to further enlarge this chan- 
nel. In addition, the increasing 
pressure of deve lopment in the 
coastal area raises the possibility 
of future freshwater diversions from 
the bay and additional wastewater 
discharges into the bay. 


The Matagorda Bay system is, 
therefore, becoming subject to man- 
agement problems equivalent to those 
in other Texas embayments, namely 
the resolution of the stresses im- 
posed by industrial 
developments in the bay area, espe- 
cially the use of water upstream in 
the drainage basins, with the re- 
quirements for sustaining the bay's 


municipal and 


The functioning of the 


of Matagorda 


ecosystem. 
estuarine ecosystem 
Bay is sensitive to the distribu- 
tions of waterborne constituents 
such as_ salinity, dissolved oxy- 
gen, temperature and nutrients, 
which are influenced directly by 
the alterations to the bay attend- 
ing development, especially modifi- 
cations of the freshwater’ inflow 
into the bay system. 


OBJECTIVES 


need for managing 
and its environs, 
initiated to iden- 
and synthesize _ hy- 
biological infor- 
to assess the fish 
the Mata- 


Given this 
Matagorda Bay 
this study was 
tify, compile, 
drographic and 
mation in order 
and wildlife resources of 
gorda Bay area and to delineate 
the dependency of these resources 
upon the hydrographic characteris- 
tics of the bay. The primary use 
of this information will be to as- 
sess the probable effects of several 
perturbations, by which are meant 
modifications to the bay’ environ- 
ment capable of producing an effect 
upon the overall hydrography of the 
bay and hence upon the fishery or 
wildlife communities dependent upon 
bay hydrography. Six potential per- 
turbations were identified to be 
examined as a part of this investi- 


gation, of which two are considered 
here: (1) freshwater flow reduc- 
tions duce to increased capacity of 
present reservoirs and construction 
of new reservoirs or other retention 
and diversion of water; (2) diver- 
sion of Colorado River inflow into 
Matagorda Bay. 
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PROJECT STRUCTURE 


This project began in October 
1978 and is being carried out in 
five phases over a three-year peri- 
od. Phase 1, Information Synthesis, 
had the primary purpose of compil- 
ing, analyzing, and presenting per- 
tinent existing data on the _ hydro- 
graphic and ecological system of 
Matagorda Bay and associated habi- 
tats. Also included was a prelimi- 
nary assessment of the impacts of 
the various perturbations ~~ which 
the bay might experience in the 
future. The purpose of Phase 2 was 
to develop a study plan designed 
to provide information found to be 
incomplete or unavailable during 
the Phase 1 studies, both  hydro- 
graphic and biological, to be _ per- 
formed as Phase 3. Phase 3 is cur- 
rently in progress. Phase 4 of 
the project consists of a reassess- 
ment of the impacts of the pertur- 
bations on Matagorda Bay given the 
information compiled in Phase 1 and 
the new, supplementary data gathered 
in Phase 3, and formulation of re- 
commendations on the management of 
Matagorda Bay and its environs. The 


last phase, Phase 5, has the objec- 
tive of preparing public’ informa- 
tion in the form of a brochure and 
slides. The present paper was devel- 
oped from Phase | of this study; the 
reader is referred to the final re- 
port of that study (Ward et al. 
1979) for detailed discussions. 

Espey, Huston & Associates, 
Inc. is the prime contractor with 
the U.S. Fish and Wildlife Service 
while The University of Texas at 
Austin has contracted with Espey, 


Huston & Associates, Inc. to per- 
form a portion of the work. George 
Ward and James Wiersema are. in 
charge of the Espey, Huston & Asso- 
ciates, Inc. work while Neal Arm- 
strong and Clark Hubbs lead the Uni- 
versity's effort. 


HYDROGRAPHY 
GEOMORPHOLOGY 


Matagorda Bay is a_ lagoonal 
estuary, and is typical of the gulf 
Coast embayments in being a _ broad, 
Shallow system nearly isolated from 
the Gulf of Mexico by barrier is- 
land-peninsulas (Figure 1). Surfacg 
area of the bay is about 1,200 km 
(including East Matagorda Bay) while 
the mean depth is something over 3 
meters, so that the bay has a large 
surface area-to-volume ratio, a fact 
of central importance to its hydro- 


graphy. Numerous shoals and oyster 
reefs occur throughout the bay sys- 
tem. There are several large peri- 


pheral bights and bays which have 
sufficient physiographic identity 
to bear geographical names, most 
important of which are Tres Palacios 
Bay, Karankawa Bay, Powderhorn Lake, 
Oyster Lake, and the Lavaca Bay Sys- 
tem (itself containing several ter- 
tiary bays). East Matagorda Bay is, 
for practical purposes, separated 
from Matagorda Bay proper by the 
delta of the Colorado River’ which 
extends from the mainland near Mata- 
gorda Peninsula. There are five 
principal inlets through which ele- 
ments of the Matagorda Bay system 
communicate with the Gulf of Mexico: 
Pass Cavallo, Matagorda Ship Chan- 
nel landcut, Greens Bayou, the Colo- 
rado River Mouth complex and_ Brown 
Cedar Cut. 
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CIRCULATION 


The hydrodynamic regimes’ in 
the Matagorda Bay system are a func- 
tion of several complex and highly 
interactive processes. The prin- 
cipal hydrodynamic influences’ are 
tides, density structure (due pri- 
marily to salinity variations), me- 
teorological driving forces (e.g., 
wind and atmospheric pressure gradi- 
ents) and freshwater inflows from 
the Colorado, Lavaca and Navidad 
rivers. Of secondary importance are 
such factors as Coriolis accelera- 
tion, ship traffic, and diversions 
and return flows. Such events as 
extreme floods and hurricanes are 
relatively rare and of short dura- 
tion, but have major immediate in- 
fluences on the hydrodynamic regimes 


in the bay system. As a_ general 
rule, the Matagorda Bay system is 
meteorologically dominated. This 


is principally a consequence of the 
large surface area-to-volume ratio 
of the bay, in conjunction with the 
intensity and variability of meteor- 
ological forcing and small _ tidal 
influence. 


The feeding rivers are respon- 
sible for the estuarine character 
of Matagorda Bay. These inflows 
are of extreme variability, when un- 
regulated, ranging over several or- 
ders of magnitude of flow, from 
drought stage to flood. The direct 
influence of the rivers on circula- 
tion in the bay system is limited 
to moderate to high flows, when the 
inflows can result in significant 
currents. However, their indirect 
influence is important, even at low 
flows, in establishing salinity var- 
lation across the bay. 


The principal freshwater in- 
flows to the Matagorda Bay system 
are summarized in Table 1, and their 


Table 1. Gauged and ungauged annual inflow into Matagorda Bay. Colorado River excluded. All flows 
in cubic feet per second (cfs). 


Gauged Drainage (Period of Record) Ungauged Drainage (1960-78) 
Flow Flow Flow 
River at Gauge” into Bay Watershed into Bay 
Lavaca Lavaca 316 338 Venado Creek 36 
Navidad** 559 727 Cox Bay 54 
Garcitas 49 187 Chocolate Bay 5] 
Placedo 62 115 Keller Bay 66 
East Sheriff Oil Field 4] 
Total 986 1,367 Total 248 
Tres Palacios Tres Palacios 143 230 Oyster Lake- 
Willow Dam Slough 18 
Turtle Bay 69 
Undelineated 32 
Total 179 
Matagorda West Branch Colorado 
River 48 
Powderhorn Lake 144 
Karankawa Bay 324 
Houghson Lake / 
Mad Island 12 
Tota] 535 
Kast Matagorda Big Boggy 13 32 Undelineated 527 
Combined System 
(Excluding Col- 
orado River) 1,142 1,629 1,489 


* See Table 2-5 
“~ At confluence with Lavaca River 
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Fig. 1 \Matagorda Bay System 


ly 3 


indicated by 
computed = from 


relative magnitudes 
annual -mean inf low 
a long period of data 
record for the inflows with a gauge 
record). The total annual-mean in- 
flow to the system is about 3,118 
cts (88 m/s, 2.26 x 10 ac-ft/yr) 
excluding the Colorado, of which 63 


(period oft 


percent is derived trom  ungauged 
drainage areas. The annual intlow 
in the Colorado ,is an additional 


2,430 cfs, (69 m/s), of which 0.2 
percent is ungauged, but the pro- 
portion of this flow that enters the 
Matagorda Ray system, though = prob- 
ably substantial, is unknown. 


The major impoundments of the 
Colorado River are located in cen- 
tral Texas and comprise a chain of 
seven man-made reservoirs known as 
the Highland Lakes, which extend 
northwest from Austin to 25 miles 
southeast of San Saba. All of these 
lakes, except Lake Travis and _ Lake 
Buchanan, are managed as constant- 
level impoundments in which water 
is retained at fixed storage levels 
throughout the year. Due to the 
Highland Lakes system, impoundments 
further upstream on_ the 
River and its tributaries have minor 
direct effects upon flows reaching 
the coastal plain, impounding 25 
percent of the drainage area above 
the Highland Lakes. rhe 
Stacy Reservoir will 
proportion to 32 percent. The et- 
tect of the Highland Lakes 
on the downstream flow of the Colo- 
rado River is small in that there 
alteration in the 


Colorado 


p! oposed 


increase this 


system 


is no systematic 
mean annual flow in the Colorado 
River due to. the Lakes. 
However, the lakes do have a signi- 
ficant effect upon the 
and fluctuations in Colorado River 
flow. 


Highland 


sequencing 


WATER QUALITY 


The quality of water in the 
Matagorda Bay system is greatly in- 
tf Lluenced by freshwater inflows, 
both monitored and unmonitored 
streamftlows, as well as industrial 
and municipal waste (point 
and non-point). The principal fac- 
tors which affect the quality of the 
inflows to the bay system are the 
physical and hydrologic character- 
istics of the watershed and the ac- 
tivities of man, such as agricul- 
tural uses, oil and gas production, 
and general municipal activities. 


Sources 


One of the most prominent fea- 
tures of the salinity regime in the 
bay system is that vertical strati- 
fication is generally absent. The 
broad open segments of the bay are 
of relatively shallow depths (5 to 15 
ft) with large open surface areas 
exposed to the persistent southeast- 
erly winds of this region of the 
gulf. As a result, the bay system 
is generally vertically homogeneous. 
The only exception is the deep (36 
ft) Matagorda Ship Channel which 
traverses Lavaca and Matagorda bays. 
Large horizontal salinity gradients 
frequently exist, from the seawater 
Salinities at the bay system tidal 
exchange passes, e.g., Pass Cavallo, 
Brown Cedar Cut and the landcut of 
the Matagorda Ship Channel, to the 
Salinities at river 
River and Tres 


near-fresh 
mouths, e.g., Lavaca 
Palacios Creek. As a typical exam- 


ple, the seasonal variation of sa- 


linity (and other waterborne’ con- 
Stituents) is presented in Figure 
2 for lower Matagorda Bay. The 


normally high inflow period of April, 
May and June results in minimum sa- 


linities during this period, low 


inflows in July and August” result 
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fall 
decrease 
ine 


in 
increased 
salinities, 


increased salinities, early 
inflows again 

and the moderate 
flows of late fall and winter re- 
sult in gradual salinity increases 
to a maximum in March. The salinity 
variation shown in Figure 2 is typi- 
cal, though areas more directly im- 
pacted by inflows show more pro- 
nounced seasonal variations, while 
areas further removed from the in- 
fluences of inflows show correspond- 
ingly less seasonal variation. 


To an even greater degree than 
Salinity, vertical temperature’ and 
dissolved oxygen stratification is 


generally absent in the bay system. 
The shallow bay depths, strong wind- 
induced mixing and the small temper- 
ature range in the bay system at any 
one time all tend to result in ver- 
tically uniform temperatures, even 
in the Matagorda Ship Channel. Hor- 
izontal temperature’ gradients are 
also slight in the bay system and 
frequently no discernible tempera- 
ture pattern exists. Though tem- 
peratures within the bay system at 
a specific time are generally uni- 
form, a definite seasonal tempera- 
ture pattern does exist (Figure 2), 
would be expected from climato- 
considerations. Some slight 
in dissolved oxypen 
the Matagorda Ship Chan- 

decreases in dissolved 
appear at the greater depths, 
but even at depths 30° «ft 
the mean dissolved concen- 
tration still 


as 
logical 
stratification 
in 
where 


occurs 
nel, 
oxygen 
exceeding 
oxygen 
exceeds 5 mg/l. 
data for nutri- 
ammonia, nitrate, 
orthophosphates 
not 
previous 
gen- 
indicates 


The available 
primarily 
total phosphorus, 
and total 
nearly 
water 


ents, 
carbon, are 
the 
parameters. 
data 
nutrient levels 
Nearly 
nitro- 


organi¢ 
extensive as 
quality 
the available 


relatively 


as 
In 
eral, 
uniform 
the 


the bay's 


throughout two- 


of 


system. 


thirds inorganic 


| &6 


gen is in the form of nitrate with 
the remainder in the ammonia’ torm 
and the nitrite form. Since Mata- 
gorda Bay is lightly impacted’ by 
the activities of man in compari- 
son to other Texas bays (e.g., Cor- 
pus Christi Bay, Galveston Bay and 
Sabine Lake), numerous nutrient 


from municipal 
do not 


loadings 
discharges 


point-source 
and industrial] 
exist. 


PERTURBATION ASSESSMENT 


METHODOLOGY 


The assessment of a perturba- 
tion is effected in two. steps. 
First, the alterations induced by 
the perturbation upon the physical 
and chemical environment must be 
determined. These can include al- 
terations in hydrographic and water 


quality variables, and introduction 
of contaminants, and can be inter- 
active. Second, from the altera- 
tions in the physicochemical envi- 
ronment, the responses of the _ bio- 
logical community must’ be deter- 
mined. Both of these steps involve 
prediction. Methods of prediction 
can range trom judgment, to infer- 
ence from past behavior (e.g., sta- 
tistical extrapolation), to the ap- 
plication of sophisticated mathe- 
matical models. The responses of 
the biological system may  be_= ap- 
proached at three levels of assess- 
ment: the individual level, the 
organism population level, and_ the 
community or ecosystem level. In 
assessing the biological impacts 
of perturbations in Matagorda Bay, 
all of these levels of assessment 
are used as data are available to 
perform the assessment, and this 
has been the case for this study. 

In order to analyze the Mata- 
gorda Bay system and to arrive at 


operationally useful conclusions 


within the time frame of the study, 
an indicator approach was adopted. 
In this approach, a judicious se- 


lection of indicator 
made, with 


parameter act 


parameters was 
the intent that each 

as in index to some 
aspect of the hydrography, water 
chemistry or ecological community. 
This is probably the only means by 
which the historical data on the 
bay can be analyzed meaningfully. 
The indicators for the biological 
system were twenty-five "key spe- 
cies" selected to represent major 
elements of the bay biological com- 
munities. These key species in- 
clude three seagrasses, seven marsh 
plants, four shellfish and eleven 
finfish (Table 2). The indicator 
hydrographic-chemical parameters were 
temperature, salinity, dissolved oxy- 
gen, depth and nutrients. 


ALTERATION OF FRESHWATER INFLOWS 
Perturbation Description 


which drain 


system are ex- 


All five basins 
into Matagorda Bay 
pected to experience increased sur- 
face water demands in the future as 
the result of increased agricultur- 
al, industrial and municipal acti- 
vities. Also, additional reser- 
voirs are planned or under consid- 
eration which will influence fresh- 
water flows to the system. The 
Palmetto Bend Stage 1 Reservoir 
impoundment structure on the Navi- 
dad River in the Lavaca Basin 
completed. In the Colorado River 
five potential reservoirs are un- 
der consideration (Stacy, Cummins 
Creek, Clearview, LaGrange, 
Columbus’ Bend). addition, 
cooling reservoirs are under 
struction which will rely 
from the Colorado Basin. 
Perturbation 
information, 


is 


and 
In two 
Conn 
on water 
Phase | 
relied 


V1Z. 


Assessment upon 


existing published 
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results from the TDWR- Reservoir 
Operations Model (RESOP-I1) and 
Basin System Yield Model (SIMYLN- 
II), and the analysis of historical 
data. 

From the results of computer 
simulations of the Navidad River 
flows for year 2010 water demand 


(TWDB 1973) with Palmetto Bend Stage 
| Reservoir in operation, mean an- 
nual and mean monthly flows were cal- 
culated. The ratio of reservoir re- 
lease (future condition) to reservoir 
inflow (baseline condition) for an 
average year varies from 0.487 for 
August to 0.860 in October, with an 
annual average of 0.753 or just under 
a 25 percent reduction in flow 
the Navidad River, and a net re- 
duction inflow from the Lavaca Riv- 
er system of 16.9 percent. 


The results of computer’ simu- 
lations of Colorado River flows are 
presented in TDWR (1978) for vari- 
ous scenarios including 1980 water 
demand with all existing reservoirs 
including the South Texas’ Reser- 
voir and 2030 water demands_ for 
existing reservoirs, the South Tex- 
as cooling reservoir, and various 
configurations of the five  poten- 
tial reservoirs. Baseline  condi- 
tions were assumed to be repre- 
sented by the 1980 water-demand 
scenario and future conditions were 
assumed represented by the scenario 
which included all five potential 
reservoirs with year-2030 water de- 


mands. This is a conservative 
(worst-case) scenario, as all five 
reservoirs will not be built. Again, 
mean annual flow and mean monthly 
flows were calculated from the com- 
puter results. The ratio of future 
flows to baseline flows for the 
Colorado River varies from 0.28 in 
August to 0.664 in October, with an 
annual average of 0.530. Thus, a 4? 
percent reduction is expected under 


worst-case conditions. 


TABLE 2 


STUDY SPECIES 


Specific Name Common Name 
PLANTS 
Seagrasses 
Thalassia testudinum Turtle Grass 
Halodule Beadettii (=wrightii) Shoal Grass 
Ruppia maritima Widgeon Grass 


Marsh Grasses 


Spartina alterniflora Smooth Cordgrass 
Spartina patens Saltmeadow Cordgrass 
Batis maritima Saltwort 

Salicornia sp. Glasswort 
Monathocloe littoralis Shoregrass 


Distichlis spicata 
Juncus roemerianus 


ANIMALS 

Shellfish 
Penaeus setiferus White Shrimp 
Penaeus aztecus Brown Shrimp 
Callinectes sapidus Blue Crab 
Crassostrea virginica American Oyster 

Fish 
Brevoortia patronus Gulf Menhaden 
Cynoscion nebulosus Spotted Seatrout 
Leiostomus xanthurus Spot 
Micropogon undulatus Atlantic Croaker 
Mugil cephalus Striped Mullet 
Pogonias cromis Black Drum 
Sciaenops ocellata Red Fish 
Paralichthys lethostigma Southern Flounder 
Anchoa mitchilli Bay Anchovy 
Fundulus similis Longnose Killifish 
Cyprinodon variegatus Sheepshead Minnow 
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Physicochemical Impacts 


Salinity-vs-inflow regressions 
were used as the baseline flows to 
obtain the baseline salinity regime 
in the bay system, and a_ similar 
calculation performed with the 


future flows to obtain projected 
Salinity regimes. In all cases, 
average salinity changes proved 
to be small, less than 1 ppt. 


These predictions of future salini- 


ties are long-term averages and do 
not take into account the fluctua- 
tions in salinity associated with 
transient inflow events. Freshets 


excursions in 
effects last 
subside due 
response of 


substantial 
their 


produce 
salinity and 
long after the inflows 
to the long dynamic 
the salinity structure. 


The limited data available 
precluded nutrient-vs-inflow re- 
gression studies, so a similar pre- 
diction of the effects of reduced 
inflows upon nutrients cannot _ be 
made. A nutrient mass balance was 
compiled to indicate major sources 
both in and peripheral to the _ bay. 
Freshwater intlows account for about 
aj lochthonous 
sources (62 x 10° kg/d), while phy- 
toplankton dominate autochthonous 
sources (4.38 x 10° kg/d). Freshwa- 
ter inflows also account for almost 
90. percent of the nitrogen (26.1 x 
10” kg/d) and 74 percent of the phos- 
phorus (4.0 x 10° kg/d). It is ap- 
parent that freshwater inflows con- 
tribute substantial 


7/0 percent of carbon 


amounts of car- 
bon, nitrogen, and phosphorus to th 
Matagorda Bay, relative to other ex- 


ternal sources. However, at least 


for carbon, internal 
phytoplankton 


ders of 


production by 
dominates by two. or- 
magnitude; in this case an 


impact due to altered = freshwater: 


inf low is dubious. For nitrogen 


and phosphorus, the reduction of the 
freshwater inflow source of nutrients 
would have a substantial impact on 
the nutrients reaching Matagorda Bay 
and on carbon production by _ phyto- 
plankton in the bay given the depen- 
dence ot phytoplankton’ growth = on 
nitrogen and phosphorus. 


A reduction of freshwater flow 
does not necessarily imply a_ reduc- 
tion of the influx of nutrients in- 
to Matagorda Bay; the alterations 
in concentration must’ be consid- 
ered as well as reductions in flow. 
Some increase in nutrient = concen- 
trations can be expected because of 
increasing waste discharges and 
reduction of diluting flow due to 
consumptive water losses; some de- 
crease will result from entrapment 
in reservoirs; alterations in land- 
use practices can increase or de- 
crease nutrient concentrations. 
Quantitative prediction must con- 
sider all of these factors. 


Biological Impacts 


increased Ssa- 
noted magni- 


The effects of 
linity of the 
tudes upon the seagrasses 1S ex- 
pected to be minimal 
their wide salinity tolerances and 
the small expected change in aver- 
age salinities in the seagrass hab- 
itats of the bay. A change in nu- 
transported into 

freshwater in- 


above 


because of 


trient mass being 
the bay by 
flows might, over a_ long 
alter the density of the 
populations by altering 


concentrations in the 


reduced 
period, 
seagrass 
nutrient 
overlying 
sediment 


water O1 decreasing the 


load containing nutrient-rich par- 


ticle which become part of the 
substrate. Similarly, little ef- 
fect is expected for emergent marsh 
systems due t Salinity. However, 
reduction f productivity may be 
brought :pout by freshwater flow 


increasing  sa- 
linity above optimum would reduce 
growth and fertility of marsh 
plants. Marsh grasses_ primarily 
obtain their nutrients’ from. the 
sediments (usually of delta origin) 
in which they grow or through ni- 
trogen fixation, but the role of 
freshwater inflows in_- replenish- 
ing sediment nutrients is’ unknown 
for Matagorda Bay. Another po- 
tentially Significant influence 
on marsh_ plants, which’ likewise 
could not be treated in the Phase 
1 assessment, is the “smoothing” 
of freshwater runoff peaks by up- 
stream regulation. This reduces 
the range of inundation, especially 
in the delta areas, as well as the 
seasonal timing of inundation events, 
and could therefore affect the dis- 
tribution of marsh plants and asso- 
ciated habitat. 


reduction because 


The freshwater inflow’ reduc- 
tion will affect the pelagic shell- 
fish environment by modifying water 


quality (salinity and nutrients 
primarily) and possibly habitats 
of certain life stages. A _ number 
of studies have dealt with the re- 
lation between commercial fishery 
harvest and freshwater inflows, 
among these Gunter and _ Hildebrand 
(1954), Copeland (1966), Armstrong 


and Hinson (1973), Chapman (1966) and 
others. While the exact mechanisms 
producing this relation are _ still 
being debated, salinity levels and 
nutrient influxes are considered to 
be the most important’ variables. 
The change in average’ salinities 
of 2 ppt year round should have 
little effect upon the white shrimp 
population of the Matagorda Bay 
system. Of concern, however, is 
the extent to which low. salinity 
areas in secondary and tertiary 
bays will be reduced in size with 
reduced freshwater inflows and the 
effects of a reduced nursery area 
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would have on the white’ shrimp. 
Since the brown shrimp in general 
prefer salinities between 20 to 30 
ppt, an increase in salinity should 
directly favor brown’ shrimp pro- 
duction by allowing the shrimp to 
utilize more nursery’ grounds” as 
their habitats. 


Shellfish 
decreased if a decrease 
and inorganic. nutrient 
the bay actually results from a 
decrease in flow rate. A reduc- 
tion in nutrients would have a two- 
fold effect, a reduction in the 
Organic nutrients directly availa- 
ble to the shellfish as well as or- 
ganics produced through photosyn- 
thesis utilizing inorganic nu- 
trients. The effect of a decrease 
in inorganic nutrient input’ on 
Shellfish production is not clear 
because it is not known whether bay 
productivity is now limited by in- 
organic nutrient concentrations or 
some other factor. The concentra- 
tions of nitrogen presently in the 
bay are very close to those concen- 
trations producing maximum. phyto- 
plankton growth, and phosphorus 
concentrations are in excess. An 
important concern is whether light 
is already limiting; if so, then a 
reduction (or increase) of nitrogen 
may have little impact. A_ similar 
Situation was encountered in Gal- 
veston Bay, as discussed by Arm- 
strong and Hinson (1973). Prelimi- 
nary calculations of light limita- 
tion made from Davis' (ca 1978) da- 
ta indicated that light may be lim- 
iting at times. Organic nutrients 
are therefore logically the more 
important impact to consider, but 
as noted above, the major source 
of organics in Matagorda Bay is phy- 
toplankton with freshwater inflows 
and marshes accounting for less 
than 1.5 percent of the total. I f 
shellfish production is based on 
organic nutrient sources, then 


production may be 
in organic 
influx to 


phytoplankton must be considered the 
major source (but they are influenced 
by inorganic nutrient’ influxes, 
which may result more substantially 
from freshwater sources). If food 
sources are not limiting, then sa- 
linity may be the major controlling 
variable affected by freshwater in- 
flows. In summary, though fresh- 
water inflows are indeed important 
as a salinity control and as a 
source of nutrients, which function 
is the more important cannot’ be 
determined without further investi- 
gation of Matagorda Bay itself. 


No 
ostrea 


long-term impact on Crass- 
virginica is anticipated 
either due to osmotic stress or 
change in numbers of parasites or 
predators associated with increases 
in a change of salinity of less than 
2 ppt. Of concern is the moder- 
ating effect of freshwater inflow re- 
ductions on peak flows, those that 
reduce salinities low enough to 
control organisms such as the oys- 
ter drill, Thais haemastoma, and 
the parasite Labyrinthomyxa marina. 
An analysis of such peak flows re- 
quired such as performed by Arm- 
strong and Hinson (1973) for Gal- 
veston Bay is needed to appraise 
this impact. 


Like the shellfish, the small 
increase in salinities produced by 
the reduction of freshwater inflows 
should not cause significant changes 
in the populations of any of the 
finfish studied. The average sa- 
linities expected are well within 
their tolerance and preference lim- 
its; however, local changes in the 


secondary and tertiary bay margins, 


bayous, marshes, and so forth ar: 
likely to be greater than t: 

changes in average salinities, and 
the impact of these increased sa- 
linities may be_ substantial. The 
most serious impact is likely to be 
the loss of suitable, low salinity, 
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for 
and/ 


nutrient-rich habitat needed 
almost all the finfish larvae 
or juvenile’ forms. Loss of this 
important habitat, because of in- 
creased salinities which are lethal 
to the food sources or more likely 
because of the decrease in nutri- 
ent influx with freshwater inflow, 
could decrease the populations of 
these finfish over the long’ term 
in Matagorda Bay. The adult fin- 
fish will be impacted to the extent 
that their food sources are impact- 
ed. Reductions in these food sources 
due to freshwater inflow reductions 
would naturally be detrimental to 
these fish. 


COLORADO KIVER DIVERSION 


Perturbation Description 


and Harbors Act of 
channel and harbor 
the mouth of the 
Colorado River. Phase 1 consists 
of the construction of the follow- 
ing improvements: navigation chan- 
nel, jettied gulf entrance, Par- 
kers Cut stabilization and weir, 
protected harbor, and recreation 
facilities. Phase II includes’ the 
construction of the following fea- 
tures (Figure 3): flood diversion 
channel, diversion dam, and_ rea- 
lignment of navigation channel. 
Several alternative plans for di- 
verting Colorado River flood flows 
were proposed by the Corps of En- 


The Rivers 
1968 authorized 
improvements to 


gineers. One plan calls for com- 
plete diversion of all Colorado 
River flows into Matagorda Bay; 
however, recent discussions have 
included the possibility of divert- 
ne only those’ flows less’ than 
6,500 cfs into Matagorda Bay. Flood 

lows would then continue to _ be 
routed down the navigation channel to 
the Gulf of Mexico. An earthen dam 
will be constructed across the navi- 
gation channel south of the GIWW, 
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diverting Colorado River flows into 
Matagorda Bay through the flood di- 
version channel. 


Physicochemical Impacts 


Navigation improvements to the 
mouth of the Colorado River, espe- 
cially the Phase II river diversion 
and associated freshwater’ inflow, 
will have significant hydrological 
and hydrographic consequences, most 
important of which are associated 
with salinity, nutrients, hydrau- 
lics, erosion, and sedimentation. 
Some of these impacts are _ consid- 
ered in USFWS (1979). The phase II 
diversion feature with the pro- 
posed dam and channel modifications 
will modify the hydraulics and cir- 
culation patterns in the Matagorda 
Bay system. Modification in hydro- 
dynamics will affect mixing  pat- 
terns, salinity structure, nutri- 
ent transport, and sedimentary pro- 
cesses. Deposition of sediment in 
the bay at the outlet of the diver- 
sion channel will result in loss of 
bottom habitat and nursery areas. 
The deposits may also tend to seg- 
regate some shallow areas of the 
bay, hindering circulation pat- 
terns and possibly altering’ the 
physical and chemical characteris- 
tics of the area. 


Predictions of the amount of 
sedimentation likely to occur with 
the proposed diversion of the Colo- 
rado River have been advanced by 


the Corps of Engineers (USCE 
1977). They predict a maximum 50- 
year sediment deposition of 13,000 
acres, or an average delta growth 


of 260 acres per year, and a mini- 
mum 5O-year sediment deposition of 


5,700 acres, or 114 acres per year. 
This estimate is based on full di- 
version of the Colorado River. If 
(8,500 cfs) are 
navigation 


routed 
chan- 


f lows 
existing 


flood 
down the 


nel, much of the sediment’ which 
would have been deposited in the 
bay would be released to the gulf. 


The growth of the Colorado Riv- 
er delta was accelerated markedly 
in 1930 with the breaching of the 
log jam. The delta then built at a 
nearly constant rate indicating that 
the Colorado could not now sustain a 
delta growth of this magnitude. The 
preliminary report by van Beek and 
Gagliano (1979) predicts 36.8 acres/ 


year. However, to provide a con- 
servative estimate, a high rate 
of 100 acres/year was assumed in 


the present study, and the result- 
ing sediment area is displayed 
graphically in Figure 3. More ex- 
act predictions of the rate and 
extent of deltation following the 
diversion of the Colorado River 
flows cannot be determined without 
further studies of sediment loads 
and grain-size distribution, flow 
rates, and depositional patterns 
in the present system. 


This diversion of fresh water 
from the Colorado River can be ex- 


pected to decrease salin’ ies in 
the eastern arm and therefore in- 
crease the salinity gradient. Fur- 
ther, the nutrient and _ detrital 


influx of the Colorado will be di- 
verted into the bay. The bay could 
still be expected to receive a por- 
tion of the flood flows. The navi- 
gation improvements will modify flow 
distribution in the reach below the 
GIWW and in the Parkers Cut area. 
The deepened navigation channel, re- 
moval of the gulf bar, and instal- 
lation of jetties will increase the 
influence of the gulf in the lower 


reach. Tidal exchange and salinity 
intrusion will be increased. How- 
ever, there are no quantitative 

predictions available of these ef- 
fects on the Matagorda Bay system. 


lt the entire flow in the Colorado 
is diverted, and it is assumed that 
at present 50 percent of the River 
discharge enters Matagorda Bay, the 


project will alter the inflow contri- 


bution of the Colorado from about 


1,200 to 2,400 cfs annually, i.e., an 
increase of 25 percent in the total 
(gauged and ungauged) inflow to the 
entire bay system. ‘To the planning 
horizon of 2030, the Colorado flow 
will decline to 1,300 cfs, so that 
over the long term, the diversion 
will practically compensate for up- 
stream use. This, of course, does 
not account for altered nutrient 
loads (which are not’ necessarily 
proportional to river flow) nor for 
alterations in time variation of 
inflows due to the additional wa- 
tershed development. 
Biological Impacts 

The major impacts of the Colo- 
rado River diversion project will 
be habitat removal and drainage al- 
teration at project sites and dis- 
posal areas, short-term effects of 
dredging, gain of habitat in dis- 
posal areas and in the’ enlarging 
river delta, and salinity changes 
and altered nutrient influx asso- 
ciated with the river diversion. 
The dredging of the diversion and 
disposal of spoil will destroy some 
of the seagrass beds as will the 
sedimentation of material in_ the 
diverted flow. However, new areas 
suitable for growth of seagrasses 
should result at the face of the 
new delta as it progrades into the 
eastern arm of the Matagorda Bay. 
While some features of the project 
will displace emergent marsh _ habi- 
tat directly or indirectly, the new 
river delta formed by sedimentation 
of material in the Colorado River 
would provide new tidal marsh areas 
suitable for emergent vegetation 
but the areal extent cannot be re- 
liably estimated at this time. 
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of the 
modify 
area, 


In general, the diversion 
River will probably 
populations in the 
of altered external nutrient 
(which may increase with 
increase in river-supplied nutrients 
or decrease because of vege- 
tation to spoil disposal 
channelization and internal influxes 
from phytoplankton), and replacement 
of medium salinity nursery grounds by 
low salinity nursery grounds in the 
eastern arm of the system. Because 
young white shrimp prefer low salini- 
ties of than 10 ppt and _ the 
organic material brought in with 
fresh water producing those low sa-~ 
linities, the initial decrease in 
salinity due to diversion of the 
Colorado River should favor’ them. 


Colorado 
shellfish 
because 
inf luxes an 
of loss 


due and 


less 


will 
in 

f low 
nu- 


diversion 
on oysters, 
it will increase the 
and may increase 
into Matagorda Bay, it 
sedimentation. The 
lowered 


The 
have mixed 
that while 
fresh water 
trient influx 
will also increase 
results will be, on one hand, 
salinity and reduced predator = and 
parasite impacts but, the other 
hand, increased siltation and turbid- 
ity, hence clogging of gill struc- 
tures of the oysters. The most seri- 
ous impacts will be due to sedimenta- 
tion. The predicted rate delta 
deve lopment sufficient to elimi- 
nate Dog Island Reef in only a_ tew 
years. Shell Island Reef may 
be impacted, depending upon the pre- 
cise rate of delta growth and the 
configuration assumed by the enlarg- 
ing delta. 


freshwater 
effects 


of 


on 


of 
is 


a | SO 


The finfish studied are eury- 
haline, and the reduction of salin- 
ity in the bay as a whole from the 
existing salinities would have to 
change considerably to affect these 
species. Such a change seems” un- 
likely and, at any rate, will be- 
come negligible as the horizon year 
of 2030 is approached. The turbidity 


while it may result in avoidance of 
the area by some of the fish (Fore 
and Baxter 19/72), will be a short- 
term effect only. lf the diversion 
of the river produces an increase of 
nutrient influx, it could be benefi- 
cial for the finfish by enhancing 
primary and secondary production. Of 
major concern is the sedimentation 
in nursery areas associated with new 
delta formation, but finfish nursery 
grounds in this area are expected 
to advance ahead of the prograding 
delta while old nursery grounds will 
be lost. 


CONCLUSIONS 


The Matagorda Bay Project is a 
three-year study focusing primarily 
on the effects of altered freshwa- 
ter inflows on the living resources 
of the bay. Two specific types of 
alterations are being considered, 
reduction of flow in the two major 
freshwater sources, the Lavaca Riv- 
er and Colorado River, and the di- 
version of a portion of the Colo- 
rado River flow into the eastern 
arm of Matagorda Bay. For the for- 
mer alteration, the major concern 
is loss of nursery areas in secon- 
dary and tertiary bays and possible 
loss of nutrient inflows. For the 
latter alteration, the 
cern is the loss of shallow bay hab- 
itat through sedimentation and che 
extent to which this loss is offset 
by the production of new emergent 
marsh habitat. Both concerns must 
await completion of the later phases 
of the project to their 
extent. 


major con- 


determine 
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SEDIMENT=--ASSET OR LIABILITY 


Johannes L. van Beek and Klaus Meyer-Arendt 


Coastal Environments, Inc. 


Baton Rouge, Louisiana 


ABSTRACT variable amounts of this sediment 
may be retained and form the basis 
for development of new wetlands. 


Sediment introduction is a This process may range from mini- 
corollary of river-associated fresh- mal shoreline accretion, to~ re- 
water inflow in many estuaries. placement of the entire estuarine 
These sediments represent an_= as- water body by wetlands and even to 
set relative to delta building and progradation into the marine en- 
associated estuarine wetlands, = a vironment in the form of a delta, 
liability in maintaining navigation as is the case with the Mississippi 
access. A multipurpose approach River. In this latter instance, 
to resolving this conflict is the estuarine environments develop be- 
separation of navigation from scdi- tween major distributaries of the 
ment-laden treshwater inflow. Such delta system. 

a separation, as authorized for the 

Colorado River, provides dual bene- Thus, sediment is one constit- 
fits: reduced maintenance dredging uent of freshwater inflow into es- 
and increased fish and wildlife re- tuaries that merits major consider- 
sources. In contrast, failure’ to ation as a factor contributing to 
do so at the Lower Atchafalaya Riv- the dynamic and ephemeral nature 
er, Louisiana, increasingly re- of the estuarine environment. 
sults in dual cost. Comparison of Through its sediment, riverine in- 
the two projects raises serious flow has the ability to change en- 
questions about the consistency of vironments spatially and_ through 
project evaluation and cost/benefit time and is doing so in many cases. 


analysis. 
It also follows that by modi- 
fying riverine inflow into the es- 
INTRODUCTION tuarine environment, the direction 
and timing of estuarine changes as 
related to sedimentation are modi- 


Estuarine environments that fied. This raises the question 
are subject to direct inflow of riv- whether sediment should be consid- 
er water invariably serve as a re- ered an asset or a liability. That 
ceiving basin for the sediments question appears in dire need of 
carried by these rivers. Depending an answer when comparing two water 
on the coastal setting, in particu- resources projects affecting intro- 
lar water depths and tidal and wave duction of river water and sediment 
regimes, and on the discharge = and into estuarine systems along’ the 
load characteristics of the river, gulf coast. These are the projects 
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Colorado River 
Atchafalaya 


the 
Lower 


associated with 
in Texas and the 
River in Louisiana. 


MOUTH OF COLORADO RIVER PROJECT 


Colorado River 
involves the reintroduc- 
Colorado River discharges 
into Matagorda Bay by means of a 
diversion channel and dam (Figure 
1). The project was initially con- 
ceived and authorized primarily for 
navigation purposes (U.S. Army 
Corps of Engineers [USACE] 1977). 
The objective was to separate navi- 
gation from the Colorado River and 
thereby negate adverse effects of 
flood discharge and sedimentation 
on channel conditions below the 
crossing of the Colorado River and 
the Gulf Intracoastal Waterway. 
Potential environmenta | benefits 
to be derived from reintroduction 
of fresh water into Matagorda Bay 
were considered incidental to the 
project. However, when post au- 
thorization studies indicated that 
sufficient navigation and flood 
control benefits could be achieved 
without diversion, the diversion 


The "Mouth of 
Project" 


tion of 


feature became a semiseparate proj- 
ect primarily for the purpose of 
environmental] enhancement (USACE 
1980). Proposed cost-sharing was 
revised accordingly with 95 percent 
to 100 percent of the cost of the 
diversion apportioned to the Feder- 


al Government. The diversion project, 


with a first cost of $10,000,000, re- 
mained viable on the basis of a 20/] 
benefit/cost ratio. 

Benefits to be derived from 
diversion of the Colorado River 
flow into Matagorda Bay relate di- 
rectly to partial restoration of 
historic conditions of freshwater 
inflow and delta building as oc- 
curred from the turn of the cen- 
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tury until 1936 when the Colorado 
River Channel was extended through 
Matagorda Peninsula into the Gulf 
of Mexico. These conditions are 
summarized in Figure 2. Delta 
building initially was  subaqueous 
and apparent from the need for chan- 
nel dredging into Matagorda Bay as 
early as 1921. Thus, most likely, 


a subaqueous platform of fine-grained 


sediments (a prodelta) set the 
stage for the rapid subaerial de- 
velopment which came with the _ flood 


years of 1935 to 1938 and clearing of 
rafts from the lower Colorado River 
Channel. Within the context of 
this paper it is important to note 
the effect of channelization’ on 
Colorado River delta growth. [Ini- 
tial delta deve lopment followed 
the typical pattern of progradation 
along a broad front by means of mul- 
tiple distributaries as is common 
in shallow-water environments’ with 
limited tidal and wave action. 
Most notable was the subdelta_ lobe 
associated with the Egret’ Island 
distributary. However, subsequent 
to this initial development, = at- 
tempts were made to maintain an un- 
obstructed channel into Matagorda 
Bay through dredging ahead of the 
advancing delta. The extended 
channel and associated spoil de- 
posits limited further distribu- 
tary development and induced a lin- 


ear growth pattern across Matagorda 
Bay. With the extension of the 
channel across Matagorda Peninsula 
in 1936, additional maintenance 
dredging and spoil disposal, and 
the construction of reservoirs along 


the Colorado River, delta development 
practically terminated. The only ex- 
ception is the limited growth oc- 
curring at the diversion provided by 


Tiger Island Cut since the 1950's. 
In considering the benetits 
to be derived from the proposed di- 


of all Colorado River flows, 


version 


MATAGORDA 
BAY 


— 


CULVER CUT SS / 
ee OF 


. \ ¢ | J > 
/ ~~ > MW 
/ . =." eee, ; ws , 
. ~ a ) . 
% } . CA \ \y / 


E. MATAGORDA 


hem Gq 


. »* A . _ 
vee f : MATAGORDA.. ~ 
. A *’ . 7 | ) 


Ry 
SY 
PY 

ty J 


ee, 


f 
/ 
a 
~ 


; 


BAY 


Figure l. Design for di 


Texas. 


Loti - tt ‘f ain ' 
. . 5! ; * 
GULF OF MEXICO 
. _ = 
version of Colorado River flows into Matagorda 


Bay, 


1930 


197 


1921 


1941 


a 


1855 


1933 


~ 


Figure 


introduction 
evaluate this 
conducted to determine 
and geomorphic charac- 
of future delta 
(van Beek et 1980). 

analysis of discharge 
load characteristics 

rado River, numerical 
bay circulation, and 
delta growth concepts, 
mated that future delta 
would occur at an average 
rate of 40 acres (16 ha). This 
of development is contingent upon 
or more of rapid 
delta growth during major 
ternating with longer 

mainly subaqueous” growth. 
diction on 
average / percent of 


sediment 
jor 
a study was 
the extent 
teristics 


played a ma- 


role. To aspect 


growth 
Through 
and sediment 
of the 
modeling 
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pre- 
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The proposed — plan provides 
for management of initial delta 
growth through utilization of spoil 
from the diversion channel (Figure 
Ll). Elevations and distribution of 
the spoil correspond as closely as 


possible to natural deltaic deposi- 
tion in order to encourage develop- 
ment of wetland habitats on_ the 
spoil substrate and to guide ini- 
tial distributary development. 
Analysis of historic delta 
growth under natural conditions and 
estimates of future salinities al- 
lowed further prediction as to hab- 
itat distribution. Of the predict- 
ed subaerial delta complex, approx- 
imately 80 percent is estimated to 
be composed of productive estuarine 


habitats, including distributary 


channels, embayments, and low marsh, 
serving the juvenile stages of many 
of the commercially important fish 
ind shellfish species. 

Benefits to bay and ofttshore 
comme rcia | fisheries as a result 


20] 


of treshwater inflow and delta build- 
ing were estimated at $10,000,000 an- 
nually result of expected in- 
harvest, primarily of 
Shrimp (USACE 1980). Calcula- 
tion of benefits based to 
a large extent on the increase of the 
wetland/open water ratio for Mata- 
gorda Bay. Against this perspective 
let us examine the projects affecting 
the of fresh water and sediment 
from the Atchafalaya River. 
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LOWER ATCHAFALAYA RIVER PROJECT 


Approximately 30 percent of the 


fresh water and sediments delivered 
to Louisiana by the Mississippi River 
is directed through the Old River 
Control Structure into the Atchafa- 
laya River (Figure 3). Following 
partial retention of the coarser load 
within the floodplain system, this 
water and the remaining sediments 
(nearly 80 percent) are discharged 
into the Atchafalaya-Vermilion estu- 


devel- 
major delta 
Atchata- 
the 


initiated 
potentially 
complex. Discharges enter 
Bay through two channels: 
Atchafalaya River and the Wax 
Outlet (Figure 3). Of these two 
the Lower Atchafalaya Riv- 
more important, carrying 
of 65 percent of the dis- 
73. percent the sedi- 
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in 1910, with subsequent enlargements 
until authorized dimensions (200 by 
20 ft or 60 by 6 m) were nearly 
achieved in the 1960's. In 1968, a 
new authorization was obtained to 
further enlarge to 400 by 20 ft 
(120 by © m ) the navigation channel 
across Atchafalaya Bay, as well as 
Bayous Chene, Boeuf, and Black and 
Avoca Island Cutoff Channel (Figure 
3), for the purpose of facilitating 
transport of offshore platforms for 
oil production. Enlargement of the 
navigation channel was favored over 
the alternative of separation of 
navigation from the Lower Atchafa- 
laya River as shown in Figure 3. 


The navigation channel through 
the bay increasingly alters’ the 
dispersion and deposition of sedi- 
ments delivered through the Lower 
Atchafalaya River and, thereby, the 
future function of the Vermilion- 
Atchafalaya estuarine complex as 
part of the Mississippi River del- 
taic plain’ system. This concerns 
in particular development of the 
Atchafalaya River delta complex, 


but also eventually involves” the 
introduction of fresh water and 
sediment into adjacent estuarine 


systems. 


MISSISSIPPI RIVER DELTAIC SYSTEM 


Even though full diversion of 
the Mississippi River into the At- 
chafalaya River course’ has been 
prevented by the Old River Control 
Structure, the importance of the 
Atchafalaya River as part of the 
Mississippi River deltaic system 
can be easily demonstrated when 
considering the through 
which that system and its associat- 


proc CSS 
ed resources have been perpetuated 
in the past. 

Deve lopment of the diverse 


extremely produc- 


and biologically 


tive Mississippi deltaic system 
(Figure 4) has been the result of 
the lagged, cyclic development of 
individual delta complexes 
ated with successive upstream di- 
versions similar to that of the 
Atchafalaya River (Frazier 1967). 
The succession in each delta cycle, 
as illustrated schematically in Fi- 
gure 5, is governed by three major 
sets of processes: the introduc- 
tion of fresh water and sediment; 
the subsidence of the area and the 
compaction of sediments; and_ the 
combined action of waves, tides, 
and currents which redistributes 
the deltaic sediments and, together 
with freshwater inflow, governs sa- 
linity. With the cyclic change of 
a delta complex comes a change in 
its natural environments (Gagliano 
and van Beek 1975). Since indi- 
vidual cycles are lagged in time 
and occur at different locations, 
any particular environment is pre- 
sent at some time within each of 
the delta complexes. The sequential 
cycling of the deltas thus insures 
continuous max imum diversity of 
the delta system as a whole as 
long as the process of shifting 
delta development is allowed to 
continue. 


associ- 


With confinement of two-thirds 
River flows for nav- 
igation and flood protection pur- 
poses, and with extension of the 
river to a point where further del- 
ta growth has halted, two-thirds of 


of Mississippi 


the river's direct contribution to 
maintenance of the deltaic system 
has been eliminated. The delta 


cycle, as illustrated in Figure 5, 


predicts gradual disintegration of 
all those parts of the coastal area 
that have been severed = from the 
flow of water and sediment provided 


River. 


phases in the 


by the Mississippi Present- 
ly attained 


development of 


cyclic 


} 


individu. complexes 


have been indicated in Figure 4. 
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Thus, development of a new del- 
ta complex at the mouths of the At- 
chafalaya River is the only physi- 
cal development that continues the 
natural process by which the delta- 
ic plain and its diversity and bio- 
logical productivity are maintain- 
ed. The importance of this becomes 
increasingly evident with the real- 
ization that only 30 percent of the 
Mississippi River flows and_ sedi- 
ments arrive through the Atchafalaya 
River. Maximum utilization of these 
resources is therefore imperative. 


ATCHAFALAYA DELTA DEVELOPMENT 


1950's 
to At- 
sufficent 
compo- 

to 
the 

Wax 
This 


not until the 
sediment contribution 
Bay became of 

such grain-size 
sition that deposition began 
take place at the mouths of 
Lower Atchafalaya River’ and 
Lake Outlet (Shlemon 1972). 
increase related directly to re- 
duced sediment retention within the 
Atchafalaya River Basin as_ lacus- 
trine deltas replaced lakes, = and 
the Atchafalaya River Channel  be- 
came increasingly confined and _ sub- 
ject to scour. Greater efficiency 
of the Atchafalaya River to trans- 
port its load, together with the 
added sediment through channel de- 
velopment, increased both the vol- 
ume and the grain size of sediments 
reaching the bay. 


It was 
that 
chafalaya 
volume and 


As documented by USACE bathy- 
metric surveys, sequential aerial 
photography, and bottom cores (Cun- 
ningham 1981, Roberts et al., 1980, 
Rouse et al. 1978, van Beek et al. 
1977), the result of the influx of 
sediments was initially the rapid 
development of a  subaqueous plat- 


form that extended from both channel] 


206 


Atchafalaya Bay and 
bays. Subaqueous de- 
followed by emergence 


mouths across 
into adjacent 
velopment was 


and growth of subaerial delta lobes 
during the extreme flood years of 
1973, 1974, and 1975. At present, 


the Lower Atchafalaya dg lta comp l¢x 
extends over a 15.1-mi (39.1-km™) 
area including exposed and intertidal 
habitats and associated distributary 
channels (Figure 6). 


NAVIGATION MAINTENANCE 


sedimentation in 
the bay also necessitated an in- 
creased dredging effort to achieve 
and maintain authorized dimensions 
of the navigation channel. To pro- 
vide for at least partial confine- 
ment of flows and aid in channel 
development, dredge spoil from 
maintenance and enlargement has 
been placed on the west side of 
the navigation channel (Figure 6); 
on the east side partial confine- 
ment is provided by emergent del- 
taic deposits. 


Increasing 


With delta 
need for channel 


progradation, the 
dredging and spoil 
disposal has been extended progres- 
sively seaward. At present, emer- 
gent spoil deposits extend as_ far 
as the Point au Fer shell reef at 
the seaward boundary of the © bay. 
The dredging increasingly involves 
a circular chain of events in that 
flow confinement promotes delta 
progradation which, in turn,” re- 
channel extension resulting 
disposal further 

Accordingly, further de- 
maintenance of the 
the present 
assessed with 


quires 
in 
finement. 
ve lopment 
navigation channel 
manner should be 

to future delta growth. 


spoil and con- 
and 
in 
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DELTAIC PROCESSES 


Maximum subaerial delta growth 
is achieved by retention of the 
largest possible volume of sediments 
in shallow water. Such retention 
curs through a number of interactive 
hydraulic and sedimentary processes 
that have been extensively described 
(Axelsson 1967, Russell 1936, Welder 
1959). Most important among these 
are channel bifurcation, natural 
levee building, and crevassing 
(Figure 7). Channel bifurcation, re- 
sulting from bar development at the 
channel mouths, provides for’ the 
development of major divergent dis- 
tributaries and the ensuing hier- 
archical building of individual delta 
lobes. Associated with the develop- 
ment of the distributary channel net- 
work is the building of natural 
levees which provide a_ protective 
skeleton facilitating retention of 
fine-grained sediments in the inter- 
distributary embayments. Crevassing, 


Oc 


or the development of overflow 
channels, occurs when the hydraulic 
gradient increases between distri- 
butary channels and adjacent or in- 
terdistributary areas as ae result 
of partial flow confinement between 
natural levees. This process” ap- 
pears most active during initial 
delta development, as illustrated 
in the eastern Atchafalaya delta 
lobe, and contributes significantly 
to widening of the natural levees 
and initial infilling of the inter- 
distributary basins. 

Expansion of the delta through 
distributary development and_=cre- 
vassing is dependent on hydrauli¢ 
gradients between channels and ad- 
jacent water bodies. The larger 
the gradient, the greater can _ be 
the length and dimensions of the 
developing distributary or crevasse 
channel without loss of sediment 
transport ability. This appears 
to be reflected in the natural del- 
ta system at various levels of the 


hierarchy by the relationship be- 
tween width of individual distri- 
butary channels and average radial 
extent of associated sedimentation 
(Figure 8). As illustrated by com- 
parison of the Atchafalaya River 
delta and Mississippi River delta, 
this relationship is maintained 
the delta matures and distributary 
channels tend to become’ narrower 
and more confined by natural levee 
aggradation. 


as 


EFFECTS OF THRE NAVIGATION CHANNEL 


major del- 
navigation 


Modification of the 
processes by the 
channel and associated spoil depos- 
its is believed to result in del- 
ta development falling significant- 
ly short of its potential. Devel- 
opment to the west has been 
verely limited by spoil disposal. 
This has forced sediment either 
seaward or eastward where sediment 
retention is adversely affected by 
net seaward tidal flows (van Beek 
et al. 1977). Much of the sedi- 
ment retained by dredging has’ been 
disposed at elevations’ that 
clude development of wetlands 
the spoil substrate. Most 
tant, however, is that delta 
gradation is being forced progres- 
sively seaward along a single major 
channe] and into marine 
where decreased sediment 
tion greater water depth 
development, That 
the case further indicated 
relatively low retention of 
in Atchafalaya Bay. 
of sediment input and 
deposition within Atchafalaya Bay 
for the of 1967-1977 indi- 
cates retention of than 30 
This well below the 
percent calculated for 
River (Gagli- 
Reek 
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Figure 7. Delta growth associated with distributary channel extending 
westward through spoil banks of navigation channel (1. bifurcation, 


rt) 


2. natural levee, 3. crevasse). 
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Specific causes may be identi- 
fied. First of all, bifurcation of 
the main channel is limited to a 
Single occurrence resulting in the 
eastern subdelta lobe. U.S. Geo- 
logical Survey (USGS) 1937 bathy- 
metry shows the natural trend of 
main channel development to _ have 
been curvilinear, coincident with 
the upper navigation channel and 
extending westward beyond the pre- 
sent spoil area (Figure 6). This 
trend was aborted as the navigation 
channel increasingly diverted flows 
seaward and the westward channel 
was largely blocked by spoil. Only 
two small distributaries remain, 
producing the only significant sub- 
delta to the west of the navigation 
channel. 


bifurcation of the 
and distributary de- 
inhibited by mainte- 


Further 
main channel 
velopment is 


nance. The dredging of the linear 
channel limits necessary shoaling 
and bar development, while flow 


preference for the more efficient 
navigation channel will favor aban- 
donment of natural distributaries 
were bifurcation to occur. 


Spoil deposits function as a 
natural levee, with gaps serving as 
overflow channels that aid in wid- 
ening of the "levee." As in the 


natural delta, the majority of 
these channels must’ be expected 
to be short-lived and ciosed_ by 
overbank deposition. Those re- 


maining are likely to be narrow 
and allow only a_ correspondingly 
limited extent of delta develop- 
ment (Figure 8). 


In the absence of spoil, lim- 
itations of delta building have 
been much less in an eastward di- 
rection. However, it has been not- 
ed that hydraulic efficiency in 
decreasing, as 
distri- 


that direction is 
shoaling of 


indicated’ by 


butary channels (van Heerden 1980) 
and no significant growth following 
the above average 1979 flood. Pos- 
sibly this is accounted for by a 


decreasing hydraulic’ gradient’ as 
the open water area available to 
accommodate river discharge and 


tidal flow from marshes 


declines in area. 


adjacent 


The perceived effects of chan- 
nel maintenance and spoil disposal 
are generally verified by four ser- 
ies of discharge and suspended load 
measurements made during 1980 flood 
conditions (Figure 9). These mea- 
Surements show approximate  propor- 
tional distribution of flow and 
suspended sediment. In all cases, 
the largest proportion of flow and 


sediment continues along the navi- 
gation channel. Approximately 25 
percent is diverted into the main 
eastern subdelta. Subtraction in- 


dicates that up to 25 percent may 
be diverted through multiple dis- 
tributaries into the southeastern 
quadrant of the delta and seaward. 
Only 15 percent is allowed _ toward 
the east, mostly through the two 
restricted distributary channels 
below the major spoil island. Flow 
through remaining spoil gaps never 
exceeded | percent. Nearly one- 
quarter of the sediments is’ chan- 
neled directly seaward by the navi- 
gation channel. 


While future flow confinement 
may set the stage for a major cre- 
vasse and distributary development 


in a westerly direction, no_- such 
development is insured. Without 
adequate delta management, it is 


likely that further maintenance and 
development of the navigation chan- 
nel will increasingly capture’ the 
main flow. This fixation will con- 
tinue to limit distributary devel- 
opment and preclude future shifting 
of the main channel as necessary to 


maintain the delta systems. That 
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suspended load) 


necessity arises from the short 
life span of individual delta lobes 
as a result of not only abandonment 
of major distributaries in combina- 
tion with subsidence and wave ero- 
sion, but also of progressively 


greater confinement of flows and 
sediments by existing distributar- 
ies. Such development is well il- 


lustrated in the active Mississippi 
River delta. 


Limitations on delta growth 
associated with the Lower Atcha- 
falaya River become of further con- 
sequence when considering the lim- 
ited advance of the Wax Lake del- 
ta. While discharges through Wax 
Lake are about half of those through 
the Lower Atchafalaya River, sedi- 
ment load is only one-third. In 
addition, sands make up a much smal- 


ler percentage of the load which 
reduces development of a stabiliz- 
ing skeleton of natural levees. 


With pending plans for reduction of 
Wax Lake Outlet discharges, even 
more sediment could be diverted to 
the Lower Atchafalaya River. 


PROJECT COMPARISON 


Comparison of the Colorado Riv- 


ver and Lower Atchafalaya River 
projects raises some serious ques- 
tions. Considered from a naviga- 


tion point of view, sediment is an 
obvious liability. Yet in the same 
year, 1968, two navigation projects 
were authorized that accomplished 
opposite results. At the Colorado 
River mouth, the project provides 
for separation of navigation = and 
river flow to negate adverse ef- 
fects of sedimentation. At the 
Lower Atchafalaya River, channel 
enlargement is provided for in an 
area of increasing sedimentation 
and in a manner that increasingly 
attracts river flow and sediments. 


Considered from a_ fish and 
wildlife point of view, projects 
are equally conflicting. Diversion 
ot the Colorado River into Matagor- 
da Bay is considered to generate 
sufficient benefits, largely through 
development of new wetlands and 
flows routed through those wetlands, 
to warrant implementation solely as 
an environmental enhancement proj- 
ect. Benefits are sufficient to 
provide for spoil disposal in a man- 
ner that enhances wetland develop- 
ment and preserves existing wet- 
lands. 


At the Lower Atchafalaya Riv- 
er, separation of navigation = and 
the river channel was rejected as 
an alternative on the basis of not 
providing additional benefits over 
the present project and having 
greater adverse effect on fish and 
wildlife resources. These adverse 
effects related primarily to loss 
of marsh along a 5-mi (8-km) seg- 
ment of the separate navigation 
channel. 


While it may be argued that 
the Colorado River Project is. re- 
assessed on the basis of present 
day values and the Lower Atchafa- 
laya River Project Started ten 
years ago, there are several rea- 
sons why this should not be an ex- 
cuse to proceed with the latter 
project without reevaluation. First, 
the project is far from completion, 
the 20-ft (6-m) contour being lo- 
cated 1|5-mi (24-km) into the Gulf 
of Mexico and maintenance being a 
constant requirement. Second, the 
opportunity for reevaluation = and 
redirection of the project present- 
ly exists under the Atchafalaya 
Basin Land and Water Resources Study. 
Third, and most important, optimum 


use of Atchafalaya River water and 


sediment is imperative to offset ac- 
celerating loss of wetlands and to 
maintain part of the 


Mississippi 


River deltaic plain as a_ resource 
complex serving man as well as fish. 


While it is recognized that 
the question of whether sediments 
should be considered a_ liability 
Or an asset has a different answer 
based on perspective and interest, 
these answers should be at least 
consistent when viewed from the 
same point of view. 
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ABSTRACT 


Major disturbances to the Mat- 
agorda Bay system, including diver- 
sion of the Colorado River to the 
Gulf of Mexico and loss of support- 
ing marshes, are discussed. Support- 
ing marshes have been reduced from 
18,623 ha (46,000 acres) to 15,789 
ha (39,000 acres) and oyster reefs 
have been reduced in area from 11,660 
ha (28,800 acres) in the late 1800's 
to 8,291 ha (20,480 acres) at pre- 
sent with only one-fourth of this 
area consistently productive.  Pro- 
duction of shellfish in West Mata- 
gorda Bay is estimated to be only 
20 percent of that possible through 
utilization of environmenta! wman- 
agement. Methodologies for calcu- 
lating potential changes in _ shell- 
fish production due to re-diversion 
of the Colorado River are presented. 
Annual economic benefits for. in- 
creased shellfish production in 
West Matagorda Bay and Gulf of Mex- 
ico attributable to rediversion are 
estimated to be in excess of $17.1 
million. Significant actions relat- 
ing to the Mouth of Colorado Riv- 
er Texas Project, sanctioned by 
Section 101 of the Rivers Har- 
bor Act of 1968, include separation 
of project fteatures by the Corps of 
Engineers, restoration the di- 
version feature to the project, and 


and 


of 
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delay in navigation feature con- 
Struction due to threats of legal 
action. A project to link East Mat 
agorda Bay to the Colorado River 
Channel is suggested. 

INTRODUCTION 


The Matagorda Bay System is the 


second largest in Texas, comprising 
21 percent of the totai area and 
about 25 percent of the volume of 
Texas estuarine waters. The Mata- 
gorda Bay system ranks third among 
Texas bays in value of commercial 
seafood landings. However, it could 
be considerably more productive. 


Man-caused perturbations have induced 
a decline in the bay's’ biological 
production and economic output. 


The mechanism to restore pro- 
ductivity and increase economic 
output has existed since 1968, via 
the U.S. Army Corps of Engineers’ 
Mouth of Colorado River’ Project. 
Authorized in Section 101 of the 
River and Harbor Act of 1968, the 
project is unique in its opportu- 
nity to greatly restore and _ bene- 
fit the natural ecosystems, envi- 
ronmental quality and related eco- 


nomics through its diversion feature; 


° 
BAY CITY 7 
CANEY 


O 
° 
Oo 
% 
io) 
@) 
eS 
x 
m 
=) 


PALMETTO BEND RESERVOIR 
(LAKE TEXANA) 


Q 
- 
a 
> 
= 
Zz 
a “co 
= 4 
— MATAGORDA | + - nro 
BAY a 


\ 
/TEXAS 8B ( 93387 
ns 


COLORADO RIVER 


MOUTH s 
oP = 
o, pom on nm 
wr on 
eee 4 oe 
X- MATAGORDA cO \ 5 = 
SHIP CHANNEL oh , ao 
‘ © * 
Li. 
PASS CAVALLO o WN o 
I Oo 
oo 5 O 5 10 < 
ss l—Eeee 
SCALE OF MILES < 


< 


and benefit local municipal, indus- 
trial and agricultural activities 
through its navigation feature. The 
diversion feature would reintroduce 
Colorado River flows into western 
Matagorda Bay. The navigation feature 
would improve the lowermost’ seven 
miles of the river for waterborne 
shipping by enlargement of the river 
channel and construction of jetties 
at the river mouth to control shoal- 
ing. 


In moving to implement the 
project, the Corps of Engineers 
proposed to construct only the navi- 
gation feature until public, pri- 
vate, and commercial fishing enti- 
ties protested, threatened  liti- 
gation, and influenced revival of 
the diversion feature. 


PERTURBATIONS 


Major disturbances occurring 
1929 which have reduced the 
production of Matagorda 


order of magni- 


since 
biological 
Bay in descending 
tude are: (1) diversion of the 
Colorado River flow from Matagorda 
Bay to the Gulf of Mexico in the 
mid-1930's; (2) construction of 
the Gulf Intracoastal Waterway in 
the 1940's; (3) periodic spoiling 
from navigational channel mainte- 
nance shell dredging, etc.; (4) 
water development and diversion in 
the river basin above the estuary 
since the 1930's and (5) removal of 
a major log jam in the river near 
Bay City, Texas in 1929 (U.S. Fish 
and Wildlife Service 1979). 


DIVERSION/LOG REMOVAL 
Colorado Riv- 


into Matagorda 
of Matagorda, 


1929, the 
directly 
the town 


Refore 
flowed 
near 


er 
Bay 


Water 
of a 


(Texas Department of 
Resources’ 1978b). Removal 
large log jam above the town by 
dynamiting resulted in sudden down- 
stream transport of great quanti- 
ties of naturally trapped silt and 
subsequent unnatural, rapid _ forma- 
tion of the present delta (Bouma 
and Bryant 1967). Productive bay 
bottom was inundated, highly pro- 
ductive oyster reefs destroyed, 
and the eastward arm of Matagorda 
Bay was divided into two separate 
water bodies. By local action the 
delta was channelized ai! Matagorda 
Peninsula breached so t the Col- 
orado River was divert from the 
bay, through the delta channel, and 


Texas 


directly into the Gulf of Mexico. 
The delta, about 1,619 ha (4,000 
acres), divided Matagorda Bay into 


what are now known as East Matagor- 
da Bay and West Matagorda Bay. The 
east bay was segregated from Pass 
Cavallo, the historical natural 
outlet to the Gulf of Mexico. To- 
day, the east bay intermittently con- 
nects with the gulf through a hurri- 
cane "blowout" channel called Brown 
Cedar Cut. Periodically the cut is 
opened by dredging but it recloses by 


littoral drift. Widely fluctuating 
salinities ranging up to 38) ppt 
(Bouma and Bryant 1967; Texas Game 


and Fish Commission 1957) occur in 
East Matagorda Bay due to inadequate 
freshwater inflow and water exchange 
with the gulf. When Brown Cedar Cut 
is closed, migrating marine organisms 
must follow a circuitous route, en- 
tering the eastern portion of the bay 
via the Gulf Intracoastal Waterway. 


Gunther et al. (1973) empha- 
sized that fresh water and nutri- 
ents formerly entering Matagorda 
Bay now pass directly to the Gulf 
of Mexico. The Colorado River del- 
ta marshes are now not subject to 
inundation and flushing by Colorado 
River flows except during extreme 


hydrological events (Texas 
ment of Water Resources’ 1978b), 
therefore the value of the delta 
for nutrient input to the bay is 
minimized. Some Colorado River 
flows now enter West Matagorda Bay 
through Tiger Island Cut (an ab- 
normally positioned man-made water- 
way). However, studies by the Texas 
Department of Water Resources (1978 
a) suggest that during periods when 
the mouth of the Colorado River at 
the gulf is not plugged by shoaling, 
75 percent of riverborne nitrogen, 
phosphorus and organic carbon pass 
directly to the gulf. Erratic 
flows and abnormal circulation pat- 
terns result from tidal and river 
flows through Tiger Island Cut. 
Salt water from the gulf intrusion 
into West Matagorda Bay via Tiger 
Island Cut occurs when river flows 
are not sufficient to push back the 
saltwater wedge. 


Depart- 


GULF INTRACOASTAL WATERWAY 


Construction of the Intra- 
coastal Waterway along the north 
edge of the east arm of Matagorda 
Bay, and attendant maintenance 


spoiling has disrupted a_=— signi- 
ficant portion of the bay-mainland 
marsh interface creating a barrier 
to exchanges between the bay = and 
over 4,450 ha (11,000 acres) of 
formerly supporting wetlands. The 
importance of estuary-marsh_ inter- 
face (edge) to productivity of es- 
tuaries has been extolled by Gucin- 
ski (1978), Valiela and Teal (1974) 
reported by Gucinski (1978), and 
Turner (1977). 


DREDGING 

In the Lavaca-Matagorda estu- 
ary complex over 27,200 ha (1/,900 
acres) of bay bottom and associated 
lands have been disturbed by dredg- 


ing and spoiling (McGowen et al. 
1976a, 1976b). McGowen et al. 
(1976a), stated that redistribution, 
reworking and erosion of dredged 
spoil (by the operation of aeolian 
and lotic processes) is a major 
source of lotic sediment. The U.S, 
Army Corps of Engineers (1977a) re- 
cognized that high turbidity of 
Matagorda Bay and lack of avail- 
able nutrients inhibit phytoplank- 
ton productivity. 


UPSTREAM WATER DEVELOPMENT 


Reservoir development and diver- 
sions in the upper Colorado River 
Basin have reduced the amount of 
fresh water and nutrients available 
to the bay and altered the salinity 
regime (Gunter et al. 1973). The 
average annual discharge (1899-1936) 
of the Colorado River at Austin prior 
to regulation py ypstream reservoirs 
was 2.4 x 10 (1,964,000 agres 
feet) but has fallen to 1.85 x 10° m 
(1,499,000 acre-feet) per year (1937- 
1977) following regulation by up- 
stream reservoirs and increased water 
usage (U.S. Geological Survey 1978). 
Current average discharge records 
(period after regulation began) indi- 
cate that below A stig discharge 
builds to 2.69 x 10° m= (2,179,000 
acre-feet) at the Co lymbys gage but 
falls off to 2.22 x 10 m (1,795,000 
acre-feet) at the Bay City gage 
due to primarily for 
irrigation (U.S. Geological Survey 
1978). Estimated West Matagorda 
Bay salinity with and without di- 
version. of full Colorado River 
flows to West Matagorda Bay are 
shown in Table |. In 1977, the 
Fayette power piant required near- 
ly 5.92 x 10 m= (48,000 acre-feet) 
of water from the Colorado River. The 
South Texas Nuclear Project, soon to 
is authorized to 


diversions 


be in 


operation, 


TABLE 1. Estimated West Matagorda Bay salinity (Shanker and Masch, 1970) 


___ Matagorda Bay Salinity (0/00) 


Annual Climatic Without Colorado With Colorado 


__ Conditions ___ River Flows River Flows — 


Wettest (1941) 21 15 
Average High (1940-46) 24 20 
Average 28 24 
Average Low (1950-56) 33 30 
Driest (1956) 38 35 


TABLE 2. Ratio of shellfish to oyster production in Matagorda and San 
Antonio Bays, 1962-1976. 


Ratio of Shellfish to Oysters 


Shellfish Matatorda Bay San Antonio Bay 
White shrimp 4.2:] 2.6:1 
Brown shrimp 1.0:] L.0:] 


Blue crab 223 3.4:1 


divert 1.26 x 10° n> (102,000 acre- 


feet) per year from the River. Muni- 
cipal uses in the Austin Metropolitan 
Area are increasing at an accelerated 
rate and an additional reservoir in 
the upper basin has been approved by 
the Texas Water Commission. The Colo- 
rado River Municipal Water District 
has been Brantes a, permit to build 
the 6.84 x a (554,340 acre- 
feet) napacity af acy Reservoir and 
divert 1.39 x 10 m (113,000 acre- 
feet) per year for municipal and 
industrial purposes. These diver- 
sions will not only affect the sa~- 
linity of Matagorda Bay, but also 
reduce the capacity of the river to 
transport sediment and nutrients. 


The Palmetto Bend Reservoir will 
also have significant effects on West 
Matagorda Bay. This reservoir, which 
is near completion, will reduce estu- 
arine inflow bo the bay by in average 
of 1.13 x 10 m (92,000 acre-feet) 
per year, and reduce sediment in- 
put to the Lavaca River Delta by 
49 percent (U.S. Bureau of Recla- 
mation 1974). The final environ- 
menta | impact statement for Fal- 
metto Bend Reservoir indicated re- 
liance on the Mouth of Colorado 
River Project to partially miti- 
gate losses caused by Palmetto Bend 
Reservoir. 


MOUTH OF COLORADO RIVER PROJECT 


The Mouth of Colorado’ River 
Project, Texas was authorized by 
the River and Harbor Act of 1968 
and described in Senate Document 
No. 102 (90th Congress, 2d. Ses- 
sion). Project purposes are navi- 
gation, flood 
ment of fish and wildlife, and 


control, enhance- 


recreation development. The di- 


version feature benefit-cost ratio 


was calculated to be 4.9 to 1 while 
the navigation feature benefit-cost 
ratio was only 1.03 to L. The Bu- 
reau of the Budget expressed con- 
cern with the marginal justifica- 
tion of the navigation feature. The 
diversion feature was strongly sup- 
ported by the Bureau ot Sport Fish- 
eries and Wildlife and Texas Parks 
and Wildlife Department. Matagorda 
County Navigation District No. 2, 
local sponsor of the project, 
pledged to provide local cost shar- 
ing including diversion costs. 


The draft environmental state- 
ment for the project (U.S. Army 
Corps of Engineers 1976) omitted the 
diversion feature. Despite protests 
from the U.S. Fish and Wildlife Ser- 
vice, the National Marine Fisheries 
Service and the Texas Parks and 
Wildlife Department, a final envi- 
ronmental impact statement was cir- 
culated on the navigation feature 
only, and failed to include’ state 
agency comments. 


The Corps of Engineers pre- 
ferred to abate the diversion fea- 
ture and have its implementation 
contingent upon additional assess- 
ments of diversion'’s ecological im- 
pacts. Ot major concern to the 
Corps was the effect of sedimenta- 
tion expected to occur from rein- 
troduction of the river into Mata- 
gorda Bay. Local interests were 
concerned about meeting costs. shar- 
ing requirements and hazard to fish- 
ing equipment from inflow of de- 
bris to the bay Concurrent econo- 
mic gains from diversion were. not 


thoroughly developed at that time 


There was strong opposition by 


natural resource entities to split 
ting the Mouth of Colorado’ Rive 
Projvect into staged implementat Ol, 
ind implementing the least St- 
effective, least environmentally 
sound feature (navigalion) 11 


former 
Dis- 
H.R. 


discord ’ 
Young (14th 
introduced 
1978 to secure 
funding of the 
The legislation 


alleviate the 
John 


To 
Congressman 
trict of Texas) 
12308 on April 24, 
100 percent federal 
diversion feature. 
was not enacted. 


PRIVATE EFFORTS 


Following circulation of the 
environmental impact state- 
private conservation organi- 
zations strongly sought concurrent 
construction of navigation-diver- 
sion, or construction of diversion 
first. The Texas Shrimp Associa- 
tion worked closely with Congress- 
man Joe Wyatt, successor to Con- 
gressman Young, to pursue. total 
Federal funding of diversion. 


final 
ment, 


to secure com- 


of concur- 


After failure 
mitment from the Corps 
rent construction of the diversion 
and navigation features, the Wild- 
life Management Institute sought, 
and obtained, Environmental  Pro- 
tection Agency and Council on En- 
vironmental Quality action. Action 
was sought under the National En- 
vironmental Policy Act of 1969, on 
the grounds of separation of inter- 
related project fea and lack 
of State agency comments in the fi- 
nal environmental impact statement. 


rac 


~ 
“4A % & 


The Texas Environmental Coali- 
tion, Outdoor Nature Club and Audu- 
bon Society in Houston, Texas, Sier- 
ra Club, Texas Shrimp Association, 
National Wildlife Federation, Wild- 
life Management Institute, and oth- 
ers requested a public hearing to 
address Section 404 (Federal Water 
Pollution Control Act 1972, as 
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Pro- 

the Corps 
hearing at 
National Wild- 
represented by 
spoke for their 

clubs of Tex- 
Fisherman's En- 
Fund, National 
Fund, and 


implications from the 
April 30, 1979 
held the 


The 


amended ) 
ject. On 
of Engineers 
Bay City, Texas. 
life Federation was 
a legal intern who 
affiliate Sportsman's 
as. The Gulf Coast 
vironmental Defense 
Environmental Defense 
Natural Resources Defense Council 
submitted written support for im- 
plementation of the diversion fea- 
ture. 

On May 19, 1979, the Lone Star 
Chapter of the Sierra Club adopted 
a resolution regarding initiation 
of legal action if construction of 
navigation preceded diversion. Sub- 
sequently, the Corps of Engineers 
postponed construction of the navi- 
gation feature pending circulation 
of a general design memorandum and 
environmental impact statement’ on 
the diversion feature (U.S. Army 
Corps of Engineers 1980). The 
Corps, U.S. Fish and Wildlife Ser- 
vice, and National Marine Fisheries 
Service cooperated to produce the 
dual memorandum-environmental state- 
ment document, which was circulated 
in April 1980. 


recommends con- 
of diversion and closure 

Island Cut. A special 
evaluation (van Beek 1980) is 
tained in the document which alle- 
viates purported concerns about ex- 
cessive delta formation from redi- 
version of the river into the bay. 
Benefits from rediversion are set 
by the Corps at $9.4 million an- 
nually. While the information about 
delta formation generally sup- 
ported recommendations previously 
made the fish and wildlife 


The document 


struction 
i oe oe | a SS A Wat 


of Tiger 
con- 


by 


there was a 45 percent 
adjustment in economic 
from those developed by the 


agencies, 
downward 
benefits 


Fish and Wildlife Service in 1979 
(U.S. Fish and Wildlife Service 
1979), which set annual benefits 


at $17.1 million. 


U.S. FISH AND WILDLIFE SERVICE REPORT 

Early in 1979, the U.S. Fish 
and Wildlife Service, National Ma- 
rine Fisheries Service and Texas 
Parks and Wildlife Department co- 
operated in re-evaluating their pre- 
vious Mouth of Colorado River re- 
ports to the Corps of Engineers. 
The resulting study and supplemen- 


tary report (U.S. Fish and Wildlife 
Service 1979) emphasized ecologi- 
cal impacts from delta marsh accre- 
tion, and re-evaluated economic im- 
plications associated with certain 
fisheries. Detailed research which 
would provide economic and ecologic 
data for the Matagorda system, and 
other Texas estuaries, had been im- 
plemented by the Texas Department 
of Water Resources and U.S. Fish 
and Wildlife Service. The research 
was necessarily long-range, however, 
and not timely for the decisions 
about rediversion which were im- 
mediately at hand. The short time 
available for additional study and 
reporting, before approval of the 
final impact statement and beginning 
construction of only navigation, nec- 
essitated a study based on synthesis 
of published data and field checks. 
Findings of the 1979 study follow. 


RESULTS AND DISCUSSION 


DELTA ACCRETION 


Matagorda Bay historically had 
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about 18,600 ha (46,500 acres) of 
perimeter marshes (McGowen and Brew- 
ton 1975). Including the 1,619 ha 
(4,000 acres) delta and a small 138 
ha (340 acres) alluvial fan at Ti- 
ger Island Cut, the estuary today 
is supported by only about 15,790 
ha (39,000 acres) of perimeter marsh- 
es. The marshes are diminishing in 
area about 20 ha (50 acres) annually 


(McGowen and _ Brewton 1975). The 
Corps of Engineers (1977a) _ pre- 
dicted that with full rediversion 


as much as 10,500 ha (26,000 acres) 
of delta marsh would develop in West 
Matagorda Bay in 100 years. Based 
on the study by van Beek (1980), 


the Corps has adjusted the figures 
down to 1,844 ha (4,500 acres) in 
125 years. 


Findings by the fish and wild- 
life agencies were that overall eco- 
logical production of the Mata- 
gorda estuary would improve as the 
delta accreted, and an adversely 
high amount of marsh would not oc- 
cur. Prior to removal of the log 
jam from the Colorado River in 1929, 
the open water-marsh ratio of Mata- 
gorda Bay was approximately 6.1:1. 


Reattainment of that ratio was es- 
timated to require 2,847 ha (7,000 
acres) of marsh accretion. Gosse- 
link et al.(1979) reported an open 
water-to-marsh ratio of 0.43:1 in the 
highly productive Chenier Plain on 
the Louisiana-East Texas coasts. 
Correll (1978) accumulated relevant 
ratios on a worldwide basis, and 
found a range of 3:1 to 4:1. For 
Matagorda Bay to attain comparable 
ratios 68,0V00 ha (168,000 acres), 
23,411 ha (57,600 acres), and 13,511 
ha (33,200 acres) respectively, of 


marsh would be required. 


ECONOMIC EVALUATIONS 


(Penaeus aztecus), 
setiferus), blue 


Brown 
shrimp 


shrimp 


(P. 


white 


crab (Callinectes sapidus), and Am- 
erican oyster 
ica), commercial 
successive years of standardized 
harvest and economic data exists, 
were chosen for economic evaluation 
in the 1979 supplementary report. 
Other species in Matagorda Bay have 
Significant commercial and 
ational value (i.e., finfish; water- 
fowl; unusual and rare avifauna; 
furbearers) but were not’ included 
because of insufficient economic 
data on them. As a result, the 1979 
estimate was kept conservative. Dol- 
lar values assigned to the species 
evaluated were the complete current 
published data (U.S. Department of 
Commerce 1976) at the time of study. 
An economic multiplier for Texas of 
3.08 was adopted after Jones et al. 
(1974). 


(Crassostrea vi] rgin- 


species for which 


rec rer 


WEST MATAGORDA BAY FISHERY 


Adequate records on shrimp and 
crabs were not available for the 
period preceding the major distur- 
bances to Matagorda Bay. Reliable 
records on shrimp catch had _ been 
kept only since the late 1950's or 
early 1960's (0. J. Farley, J. H. 
Morgan, D. comm. ). 
These records did not reflect a de- 


Moore pers. 
ciine 

curate determination 
made of the amount of harvests be- 
cause of variations in intensity of 
fishing effort, fishing pear uti- 
lized, and market demand for shrimp. 
A satisfactory line of 
exist, however for determining quan- 
tities of oysters. Stevenson (1891) 
reported that Matagorda Bay had a 
minimum of 11,660 ha (28,800 acre: 


-— ahes mn Ne pnAimert +A Boos + ar 
iti mit Ait} PELVUUCELYE, wut ay 


could not be 


records did 


of the finest oysters in Texas, and 
postulated that the good condition 
of oyster shells was largeiy due to 


great quantities of lime washed down 


from counties having limestone de- 


posits above the estuary (Colorado 


River drainage) Moore (1907) es- 
timated 1,768,000 kg (3,894,000 Ib) 
of oyster meat from oysters 7.6 cm 
(3 inches) or greater in length were 
in the bay's eastern arm. Field ob- 
servations made by the Texas Parks 
and Wildlife Department, National 
Marine Fisheries Service and the U.S. 
Fish and Wildlite Service in recent 
years indicated only one-fourth 
of the remaining 8,291 ha _ (20,480 
acres) of oyster reefs (McGowen et 
al. 1976b) consistently 
oyster fishery. Examination of 
shells from Mad Island, Dog Island 
and Shell Island reefs gave evidence 
of loss due to oyster drill (Thais- 
haemastoma) and oyster fungus (Lab- 
yrint homyxa marina ) infestations 
facilitated by periods of high sa- 
linity. Diener (1975) reported that 
only 103,512 kg (228,000 lb) of 
oyster meat were harvested from the 
bay in 1968. Currert average annu- 
al harvest of oyster meat is ap- 
114,000 kg (251,000 


Support an 


proximately 
Ib). 

The literature revealed that 
water salinity in Matagorda Bay was 
above optimum for various life func- 
tions of the key species, and ranged 
from 15 °/oo to 38 °/oo (Texas Game 
and Fish Commission 1957; Moffett 
1964; Chapman, 1966, 1972; Childress 


et al. 1975; U.S Fish and Wild- 
life Service 1975, 1976; Hackney 
1978). Salinity requirements for 
each of the key species were = con- 
sidered comparable, and a_e direct 
relationship — was postulated be- 


effects of rediversion 
on oyster production and production 


KsStimates 


tween the 


of the other key species. 
of the productivity of shrimps and 


blue crab were made by applying the 


current ratio of oyster harvest to 
that of the shrimps and crab in Mata 
gorda Bay. [he present ratio of 
harvests of these species in San 
Antonio Bay was applied a heck: 
because San Anton Ra had 


freshwater inflow pattern comparable 
to that which could be expected in 
Matagorda Bay with rediversion of 
the Colorado River. To strengthen 
consistency and accuracy, only com- 
plete harvest data, published be- 
tween 1962 and 1976 (U.S. Department 
of Commerce 1962-1976), were used 
in calculating the ratios in Table 
2. 


Two alternatives’ to present 
conditions were analyzed; i.e., full 
diversion of the Colorado River into 
West Matagorda Bay with closure of 
Tiger Island Cut, and construction 
of the navigation feature only. Po- 
tential oyster production with full 
rediversion of the Colorado River 
was estimated to be 66 percent of 
full historical production. This was 
because formation of the delta inun- 
dated an estimated 16 percent of the 
potential acreage for oyster reefs in 
the eastern arm of the bay. An addi- 
tional 20 percent of the present 
primary oyster production was pre- 
dicted to be inundated within the 
50-year life of the Mouth of Colo- 
rado River Project (U.S. Corps of 
Engineers 1977a), and Colorado 
River freshwater flows had been re- 
duced by at least 16 percent since 


1931. Hydrological data for’ the 
project area (Diener 1975; U.S. 
Corps of Engineers 1977a;  1977b; 


Texas Department of Water Resources 
1978c), indicated re-establishment 
of full Colorado River flows to the 
bay would result in 62 percent in- 
crease in freshwater flows reaching 
the bay. Construction of only the 
navigation feature would cause a 3 
percent reduction of present gauged 


river discharges to the estuary (50% 


reduction in Colorado River inflows). 


A direct 
sumed between changes in freshwater 
inflow and oyster production.  Fur- 
ther adjustments were made for the 


relationship was as- 


Texas oyster cropping multiplier of 


1.5 (B. D. King pers. comm.) and 


an estimated harvest efficiency of 
35 percent (R. Hoffstetter pers. 
comm. ). 


With the above considerations, 
the estimated annual harvest of oys- 
ters from West Matagorda Bay with 
full rediversion of Colorado River 
flows was 786,000 kg _ (1,731,000 
lb). Annual harvests of the other 
shellfish considered was 4,848,000 
kg (10,714,000 lb). The value of 
all the species was estimated to be 
$14.2 million (Matagorda Bay ratio), 
dockside, without applying the eco- 
nomic multiplier of 3.08. 


GULF OF MEXICO FISHERY 


The National Marine Fisheries 
Service (1979) estimated ll percent 
of the brown shrimp and 16 percent 
of the white shrimp caught off the 
Texas Coast are produced in Mata- 
gorda Bay. Increases in gulf shrimp 
production attributable to _ rediver- 
sion is estimated to be 500,000 kg 
(1,102,000 lb) valued at $2.9 mil- 
lion. The total annual increase in 
the shellfish, therefore, is esti- 
mated to be 5,348,000 kg (11,780,000 
lb) worth $17.1 million to Texas' 

conomy (without the economic multi- 


e 
plier). 


SUBSEQUENT ACTION 


In light of the above informa- 
tion, conservation groups were in- 
sistent on construction of the di- 
version feature prior to, or concur- 
rently with, the navigation feature. 
On October 24, 1978, the Galveston 
District Engineer (Colonel Jon Van- 
comm.) indicated 
enter into a 


den Bosch pers. 
an unwillingness’ to 
consent decree on this and other le- 
gal matters relating to the project. 
brought 


Considerable 
by conservation organizations through 


pressure was 


administrative channels and by threat 
of litigation. A Corps memorandum by 
the Southwestern Division Engineer, 
General James Donovan (February 7, 
1979), indicated concern over the 
adequacy of the Mouth of Colorado 
River Project Final Environmental 
Statement, due to a Federal district 
court ruling requiring the inclusion 


of State agency comments on another 
Federal water resources project in 
Texas. An agreement was reached be- 


tween the Corps of Engineers and En- 
vironmental Protection Agency to 
postpone construction of the naviga- 
tion feature until after circulation 
of an environmental impact statement 
on diversion. Colonel James Sigler, 
the Corps' current Galveston Dis- 
trict Engineer, reflected the Corps’ 
position that delay of navigation 
construction was necessary to avoid 
a court injunction (Jacobs 1979). 


Congressman Wyatt has been suc- 
cessful in placing 100 percent Fed- 
eral funding provision in H.B. 4788. 
The U.S. Army Corps of Engineers 
(1980) has produced an environmental 
impact statement concerning the di- 
version feature which claims benefits 
to commercial fishing of only $9.4 
million annually. That benefit-cost 
ratio, however, is still an almost 
unprecedented 19.2:1. 


Local interests from the com- 
munity of Sargent have applied for 
a Section 404 Permit to construct 
a more permanent opening at Brown 
Cedar Cut for recreational develop- 
ment. A permanent connection to 
the Gulf of Mexico at Brown Cedar 
Cut, however, would be difficult to 
maintain due to littoral drift. It 
would provide less than optimum cir- 
culation within East Matagorda Bay. 


Placing an opening to the Colorado 


226 


at the southwest end 
the bay, after construction of 
diversion feature, would reduce 
requirements and would 


River Channel 
oft 

the 
maintenance 


provide a more desirable’ salinity 
gradient. 
CONCLUSIONS 

l. Man-caused perturbations 
occurring since 1929 have greatly 
reduced production of economically 
important shellfish in Matagorda 
Bay, Texas. 

Rs Rediversion of the Colo- 
rado River to West Matagorda Bay 
will result in upward of $17.1 mil- 
lion annual benefits in shellfish 
landings. 

3. Sedimentation in West Mata- 


gorda Bay due to diversion will have 


beneficial effects in reducing the 
open water-to-marsh ratio for the 
estuary. 

4, The diversion feature of 
the Mouth of Colorado River Project 
should be built prior to or _ con- 
currently with the navigation fea- 
ture. 

>. Threat of litigation and 
prodding of Federal agencies’ by 


private organizations played a high- 
ly significant role in reviving the 


diversion feature of the Mouth of 
Colorado River Project. 

6. After completion of the 
Mouth of Colorado River Project, an 
opening should be constructed be- 
tween the south end of East Mata- 
gorda Bay and the Colorado River 
Channel near its mouth to facilitate 
exchange of marine organisms and aid 


in water circulation. 
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ABSTRACT 


An analysis of the accumulated 
depletion of streamflow in the na- 
tion's major watersheds was attempted 
for the first time as part of the 
Second National Water Assessment con- 
ducted by the U. S. Water Resources 
Council. This paper utilizes that 
data base to demonstrate the relative 
reduction of freshwater inflow to 
estuaries due to upstream water re- 
source development. Data for normal 
(average) and dry (80% exceedance) 
year conditions is presented for 106 
assessment subregions, including 30 
coastal estuarine complexes. A look 
at the future of these complexes, 
given the assumptions inherent in 
the Council's Modified Central Case 
projections, is provided. The need 
for estuarine ecosystem-based crite- 
ria to interpret freshwater 
depletion data is stressed. 


inflow 


INTRODUCTION 


"Instream flow requirements.... 
refer to that amount of water flow- 
ing through a natural stream course 
needed to sustain instream values at 
an acceptable level. Instream values 
relate to uses made of water in the 
stream channel. They include fish 
and wiidlife population maintenance, 
outdoor recreation activities, navi- 
gation, hydropower generation, waste 
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assimilation (sometimes termed water 
quality, conveyance to downstream 
points of diversion, and ecosystem 
maintenance which includes freshwa- 
ter recruitment to the estuaries, and 
maintenance of riparian vegetation 
and floorplain wetlands." (Bayha 
1978). 


While 
of instream uses, 


included among the family 
most instream flow 
studies to date have not included 
estuarine inflow. Likewise, most 
river basin development projects have 
not traced the effects through the 
receiving estuaries. Recognition of 
these facts was prominent in the ini- 
tiation of this symposium. 


The purpose of this paper is to 
provide an overview of man's deple- 
tion of freshwater streamflow reach- 
ing the nation's estuaries. 


METHODS 


Utilizing the data base assem- 
bled by the U. S. Water Assessment 


(U.S. Water Resources Council, 1978), 
[ propose to illustrate, in at least 
two dimensions, the gross impact of 
man's collective water resource uti- 
lization. 


This assessment was conducted by 
dividing the nation into 106 
ment subregions (ASR). Thirty-one of 


assess~ 


these ASKs empty directly into estu- 


arine systems of the conterminous 48 
states (Figure 1). 

For each of these ASRs an anal- 
ysis was made of the depletion ot 


the water supply from three perspec- 

tives: 

-1975 level of development with 

ground water mining. 

-1975 level of development without 

ground water mining. 

-Before water resource development 
The following descriptions were 

taken from Bayha (1978). 


CURRENT STREAMFLOW DEPLETION RATIO 
The current streamflow depletion 
ratio is an expression of the deple- 


tion of total water supply today. 


"1975" 
Consumptive 
Requirement 


Current 
Streamflow 


i 


conditions and 
throughout 
1975 


sumed average 
tion marks are used 
text to indicate that the 
not actual data. 


quota- 
this 
data 
are 


Current 
Consumptive 


Supply 


Current 


Streamflow + 


1975 


historically 
"1975" and 
from ground 


streamflow is 

derived streamflow for 
includes contributions 

water overdraft. 


Current 


This 
net exports, 
groundwater 
reflected 


ratio assumes that current 

net evaporation = and 
overdraft (mining) are 
in the current streamflow 
supply. These ratios were computed 
only for "1975" and are found in 
"U. S. Water Resources Council 1978, 


Volume 3, Table I1-5, Column 21". 


ASSESSED STREAMFLOW DEPLETION RATIO 

The 
tion ratio 
streamflow 


assessed streamflow deple- 
is similar to the current 
depletion ratio. It is 


Depletion Current an expression of the depletion of to- 
Streamflow day's surface water supply under the 
Supply most likely future conditions (i.e., 
consumption as projected by the Fed- 
Current Streamflow Supply is eral agencies, an assumption. that 
that flow expected to exist if all groundwater mining in the future 
consumption were eliminated and will cease, and, in certain basins, 
"1975" management practice and the assumptions that there will be 
groundwater overdraft were continued some increase in reservoir evapora- 
at "1975" levels. "1975" was the base tion as new storage is developed and 
year for the Second National Water that there will be some change in net 
Assessment data; it represents as- exports). 
Chart 1] 
Assessed 
Streamflow = Offstream Use or 
Depletion Assessed Tota! Streamflow 
Ratio 
Consumptive + Change in + Change in 
Requirement __ Evaporation Net Export 


— 


Current 
Streamflow 


"1975" Consumptive - 
Requirement 


Ms 


ho 


Ground Water 
Overdraft 


UNITED STATES WATER RESOURCES COUNCIL _S 

WATER RESOURCES AGGREGATED SUBREGIONS aon" 
1975 ASSESSMENT OF WATER AND RELATED LAND RESOURCES ; Ay J 
WASHINGTON, 0.C JUNE 1975 , ~2) 


Figure 1. Water resources aggregated subregions. 


Assessed Total Streamflow is the 
theoretical quantity of streamflow 
that would be available if all pro- 


jected additional consumption were 
eliminated and "1975" management 
practices (reservoir management and 


water transfers) were continued. Con- 
tributions from groundwater’ over- 
draft are excluded in determining as- 
sessed total streamflow. 


These ratios were computed for 
"1975", 1985, and 2000 and are found 
in: U.S. Water Resources Council 
1978, Volume 3, Table I1I-5, Column 
22. 


The natural streamflow depletion 
ratio expresses the impact of off- 
Stream uses on historical instream 
flow conditions. That is, the point 
of perspective predates development 


of water resources. The denominator 
approximates the natural flow before 
development (including interactive 


aquifiers contributions) as closely 
as the data permit. Thus, analysis 
of the depletion of natural flow pro- 
vides a truer indication of the rela- 
tive current and projected instream 
flow conditions than either the cur- 
rent or assessed streamflow depletion 
ratios described above. See Chart 1. 


Natural outflow is the estimated 
streamflow in the so-called natural 
State, i.e., before human influence. 
Natural outflow is similar to total 
streamflow in eliminating consumption 
and groundwater overdraft. In addi- 
tion, all water transfer and evapora- 
tion from man-made reservoirs is 
eliminated. This is not a true natu- 
ral streamflow because the vegetation 
and runoff patterns have been altered 
to meet human needs. Natural water 
supply analysis results can be found 
in U.S. Water Resources Council 1978, 
Volume 3, Table I[I-6. 


Natural Outflow = 

Assessed Total Streamflow + 
Reservoir Evaporation + 
Exports - 

Imports 


Unfortunately, this ratio (found 
in U. S&S. Water Resources Council 
1978 Volume 3, Table I1-6, Column 17) 
can only be computed for average an- 
nual considerations due to the limi- 
tations in our data with respect to 
the influence of storage. Compari- 
sons of Natural Streamflow Depletion 
Ratios with Assessed Streamflow De- 
pletion Ratios reveal the signifi- 
cance of viewing the relative se- 
verity of streamflow depletion from 
two temporal perspectives. 


These ratios permit all_ sub- 
regions to be equitably compared 
despite their varied histories with 
respect to depletion,  transbasin 
diversion, and groundwater over- 
draft. 


Tennant (1976) provided descrip- 
tions of streamflow conditions useful 
as criteria to evaluate the relative 
impact of changes in instream flow 
conditions (as indicated by depletion 
ratios) in freshwater stream ecosys- 
tems. By subtracting Tennant's per- 
centage criteria (which relate to the 
conditions in the stream_- channel) 
from unity, we have an expression of 
the complementary depletion level 
(description of the offstream use). 
Thus, 


60% mean annual flow = 
40% depletion of surrogate flow 
30% mean annual flow = 
70% depletion of surrogate flow 
10% mean annual flow = 
90% depletion of surrogate flow 


Surrogate flows are "Current Stream- 
flow Supply", "Assessed Total Stream- 
flow", and "Natural Outflow", as out- 
lined in Bayha (1978). The following 
descriptions can be used in discuss- 
ing the relative instream flow condi- 
tions. 


Severe = depletion equal to or great- 
er than 90% 

Stressed - depletion from 70% to 90% 

Degraded - depletion from 40% to 70% 


However, for interpreting the impact 
on estuarine ecosystems there is no 
equivalent criteria. Therefore, the 
results are presented as depletion 
ratio data, leaving the interpreta- 
tion tor later analysis ‘when suit- 
able criteria are availabi«. 


RESULTS 


The following series of figures 
presents the relative depletion for 
all ASRs over an average year of cur- 
rent streamflow supply (Figure 2), 
assessed total streamflow (Figure 3), 
and natural outflow (Figure 4). Anal- 
ysis of these data reveals the rela- 
tive importance of the different as- 
sumption embodied in the three types 
of depletion ratios. Notably, only 
in Texas is the assumption involving 
ground water mining significantly in- 
fluencing the amount of depletion of 
freshwater inflow to estuaries (Fig- 
ures 2 and 3). Figure 4 shows that 
natural flow depletion is somewhat 
higher than comparable assessed 
streamflow depletion (Figure 3). 


Figures 5 and 6 present compar- 
able data for dry year conditions to 
those in Figures 2 and 3. The high- 
er depletion ratios are a _ function 
of both lower surface water supplies 
and higher water use, particularly by 
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irrigated agriculture. Obviously, the 


stress on estuarine ecosystems is 
greater but without criteria it is 
difficult to interpret the implica- 


tion of this stress. 


Figures 7, 8, and 9 present pro- 
jected depletion ratios for the year 
2000 based on the most likely future 
as determined by the Federal agencies 
participating in the assessment. Com- 
paring these data with those in the 
previous series such as the "1975" 
series (Vigures 3, 4, and 6) reveals 
the relative magnitude of antici- 
pated furcher depletion of freshwater 
inflow to the estuarine complexes. 
As expected, the direction of change 


is toward greater depletion except 
along the Texas coast. Here, re- 
duced depletion ratios are_ shown. 


Because of declining water tables and 
the corresponding increase in pumping 
costs, it was assumed that groundwa- 
ter overdraft will be reduced in the 
future, particularly in the agricul- 
tural sector. 


These annual depletion ratios 
illustrate the magnitude of the com- 
bined efforts of man's development of 
upstream water supplies. A more in- 
cisive picture is available through 


examination of monthly depletion 
ratios. 
However, the monthly depletion 


data are too voluminous to present 
here. But I will utilize the data 
for ASR 803 (Mississippi Delta- 
Louisiana Coast) as an illustration 
of the monthly analysis’ potential 
which the assessment data offer 
(Table 1). Such data are available 
for all ASR for both average and dry 
year conditions. 


CONCLUSIONS AND RECOMMENDATIONS 


Second 


(1) 


from the 
data that 


is clear 
Assessment 


It 
National 


Figure 2. Current streamflow depletion ration (%) for average year conditions--"1975" (from Columns 
21 Table II-5, Appendix II, Volume 3, Second National Water Assessment). 
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Figure 3. Assessed "1975" streamflow depletion ration (%)--average year--indicating relative instream 
flow conditions (From Column 22, Table II-5, Appendix II, Volume 3, Second National Water Assessment). 


as > 


Figure 4. "1975" natural flow depletion ration (%)--average year--annual (from Column 19, Table II-6, 
Appendix II, Volume 3, Second National Water Assessment). 
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Figure 5. Current streamflow depletion ratio (%) and for dry year conditions--"1975" (from Column 21, 
Table IV-2, Appendix IV, Volume 3, Second National Water Assessment). 
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Figure 6. Assessed "1975" streamflow depletion ratio (%)--dry year--indicating relative instream 
flow conditions (from Column 22 Table IV-2, Appendix IV, Volume 3, Second National Water Assessment). 
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Figure 7. Assessed 2000 streamflow depletion ratio (%)--average year--indicating relative instream 
flow conditions (From Column 22, Table II-5, Appendix II, Volume 3, Second National Water Assessment). 
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Figure 8. 2000 natural flow depletion ratio (%)--Average year--annual (from Column 19, Table II-6, 
Appendix II, Volume 3, Second National Water Assessment). 
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Figure 9. Assessed 2000 streamflow depletion ratio (%)--dry year--indicating relative instream flow 
conditions (from Column 22, Table IV-2, Appendix IV, Volume 3, Second National Water Assessment). 
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man, through his water resource de- 
velopment activities, has markedly 
impacted the freshwater inflows to 
some of the Nation's estuaries, (2) 
that projected growth based on trend 
planning and resulting future devel- 
opments would produce additional im- 
pacts, and (3) that the nature of 
these impacts involve the quantity 
and timing of the freshwater inflow. 


Without suitable criteria for 
evaluating the effect of these 
changes on the well being of the 


estuarine ecosystems, it will be 
difficult to receive fair considera- 
tion in future decisions regarding 
water allocation and development. 
With such criteria, water resource 
planners could link estuarine needs 
for freshwater inflow with instream 
flow needs to permit meaningful eval- 
uation of impacts of water proj- 
ects proposed for development in the 
headwaters. The ability to. track 
effects of a change downstream to and 
through the estuary would help the 
coastal community to assure inclusion 
of estuarine values in the tradeoff 
analysis made by upriver planners and 
presumably the continued production 
of our most valuable ecosystems. 


| recommend that investigators 
working in the estuaries who have 
data which might provide the basis 
for the needed criteria should con- 
tact the Cooperative Instream Flow 
Service Group. And further that this 
symposium recommend that the water 
planning community adopt a carrying 
capacity approach to planning and 
that they track the effects of pro- 
posed development through the estu- 
ary. 


AUTHOR'S NOTE 
Rozengurt and Haycock's' paper 


presented in these proceedings offers 
insight which can provide the needed 
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criteria for interpreting the impli- 
cations of depleted freshwater in- 
flows. They state, "Direct experience 
(in Russia and elsewhere) and _ the 
published results of the effects of 
water development abroad all point to 
the inescapable conclusion that no 
more than 25 percent of the natural 
outflow can be diverted without di- 
sastrous ecological consequences en- 
suing." These authors further recom- 
mended that 50 percent depletion be 
recognized as the absolute limit on 
further development. 


This information squares well 
with the results presented herein and 
the known conditions of our estuarine 
ecosystems. Therefore, I suggest 
that (1) the U.S. Environmental Pro- 
tection Agency give serious consider- 
ation to promulgating a standard for 
cessation of further consumptive de- 
pletion of natural freshwater inflow 
until it can be shown that addi- 
tional depletion can be tolerated, 
and (2) that the U.S. Water Resources 
Council include as part of the Presi- 
dent's proposed Independent Project 
Review Process a criterion for eval- 
uating adherence to such a standard. 
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DISCUSSION 


Question: Tommy Yokum, National 
Marine Fishery Service, Tiburon 
California: I was close enough to 
read your figures and being intimate- 
ly associated with the San Francisco 
Bay Estuary, had real problems with 
them and it makes me wonder what 
some of the data are that you have 
available. In your projection of the 
year 2000, for a dry year you indi-~ 
cated the estuary would have about a 
59 percent reduction or depletion. In 
the recent drought the depletion was 
90 percent. For a normal year you 
showed the estuary having about 34 
percent depletion, and at _ present 
it's approaching 70 percent. And to 
the extent that these data are used 
by national planners, I hope that 
maybe we can get some better informa- 
tion? 


Answer: In response to your 
question, I can only tell you that 
these data are in the national as- 
sessment. I can tell you a little 
bit about where they came from. The 
stream flow supply data, that is how 
much is in the current stream flow, 
was computed by the U.S. Geological 
Survey. The projection for irrigated 
agriculture, and that's the dominant 
driving force there in California, 
was put Logether by a model developed 
in Ames, lowa, called the heavy 
model, done for the U.S. Department 
of Agriculture. They got their fig- 
ures on how much water is consump- 
tively used in this manner. There 
are so many acres that are growing 
crops and consuming so much water. 
And through a multiplying process 
they come out with this much used by 
the agriculture sector. The Bureau 
of Reclamation in California took is- 
sue with the Department of Agricul- 
ture's numbers. The State of Cali- 


fornia took issue with those numbers. 
And there is in the National Water 
assessment the California version of 
the data. And this is one of the 
places in the Nation where the most 
likely future is described by the 
Federal water planning community in 
Washington D.C. And I say that in 
Agriculture they use this model. What 
the regional water planning people 
believe differ. So if you want to 
consult the nuts and bolts of how 
these numbers came to be there is a 
difference in California between the 
"official" set of data, and the Cali- 
fornia picture. I might also comment 
that the feds say the folks of Cali- 
fornia are skewing their numbers in 
the other direction on purpose. I'm 
not quite sure what the reason for 
that is, but the charge has been said 
verbally. 


Comment: Keith Bayha U.S. Fish 
and Wildlife Service, Fort Collins, 
CO: Mr. Yokum asked me a_— good 
question, and I have to apologize. 
It's been a couple of years since I 
really studied these data very much. 
| made an error. I should have 
painted in purple the Sacramento- San 
Joaquin Basin because’ the _ Water 
Resource Council did an interesting 
thing. They treated the inflow of 
the Sacramento and the San Joaquin 
into the delta as dumping into the 
sea. So the numbers--47 at _ this 
particular slide--is past the 
Sacramento Bay area and really re- 
presents the surface water run off 
supply of that small area_ right 
around the bay and the use by the 
people in that bay. You see the San 
Joaquin Basin is 128 percent depleted 
that's only possible because they're 
ripping off a big chunk of the Sacra- 
mento. The Sacramento depletion is 
57 percent. What that means is the 
consumption in the Sacramento Basin 
itself is 57 percent of the supply of 
the Sacramento Basin. The transbasin 
diversion to the San Joaquin is put 


back in the Sacramento and that's the 
supply, and it's 57 percent depleted 
by the Sacramento and the people that 
live in the Sacramento Basin. So to 
get what you are looking at, you need 
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to compare these other numbers to the 
dimension. You take those three ba- 
sins and work them together in a dif- 
ferent formula. 


MANAGEMENT, PLANNING, AND ORGANIZATION IN INITIATING, SUPPORTING AND 


COORDINATING AN ONGOING FRESHWATER DIVERSION PROJECT 


David J. Etzold 


University of Southern Mississippi 
Hattiesburg, Mississippi 


ABSTRACT 


The objective of this paper is 
to review the management, planning, 
and organization that have been uti- 
lized in the development of an on- 
going project relative to freshwater 
inflows into the western Mississippi 
and eastern Louisiana estuaries. The 
name of the project is "Mississippi & 
Louisiana Estuarine Areas" (Hydro- 
logic Unit I and Mississippi Sound). 
In August 1973, a group of seafood 
industry people requested the Missis- 
sippi Sea Grant Program and the Uni- 
versity of Southern Mississippi to 
assist them in solving some of their 
problems. One of the problems was the 
decline of seafood productivity, with 
one of the reasons for the decline 
being the lack of fresh water on a 
controlled basis into the several ma- 
rine estuaries in the Mississippi and 
Louisiana areas. A task force was 
set up, which included both industry 
persons and marine biologists (state, 
Federal and university). This paper 
describes the methodology used in in- 
itiating and continuing a cooperative 
venture of a large project which en- 
tails local, state and Federal co- 
operation of commercial and recrea- 
tional fishery interests at all lev- 


els. Currently, the U.S. Army Corps 
of Engineers, New (cleans, is final- 
izing the Stage I report, which was 


initiated on October 1, 1977. 
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INTRODUCTION 


In August 1973, a group in the 
seafood industry requested that the 
Mississippi Sea Grant Program and the 
University of Southern Mississippi 
assist them in solving some of their 
problems. One of the problems was 
the decline of seafood productivity, 
with one of the reasons for the de- 
cline being the lack of fresh water 
on a controlled basis into the sev- 
eral estuaries in the Mississippi 
and Louisiana areas. It was agreed 
upon by the group that this project 
was important enough to pursue and 
to seek possible ways and means of 
solving the problem. 


Prior to the building of the le- 
vee system along the lower Mississip- 
pi River, periodic flooding replen- 
ished the estuaries with fresh water. 


This fresh water carries nutrient 
salts that are utilized by marine 
life as a food source and deters 


saltwater encroachment. The present 
levee system, while doing an excel- 
lent job of its intended purpose of 
preventing flooding, diverts’ the 
fresh water through the mouth of the 
Mississippi River and out into the 
Gulf of Mexico. This flow bypasses 
many of our estuaries. 


Experience from fishery estab- 
lishments on the Mississippi and 
Louisiana coasts, observations, and 


scientific studies indicate and sup- 
port the conclusion that appropriate 
discharges of fresh water into estu- 
arine areas, on a controlled basis, 
enhance fish and wildlife _ produc- 
tivity. Fishery production, similar 
to land crops, is hindered by too 
much fresh water as well as the lack 
of it. Various projects have been 
undertaken to control flood waters 
and the adverse effects of droughts 
on land crops; however, very little 
effort has been expended to supply 
fresh water to our estuaries when 
needed. 


A task force was established by 
the group to explore ways and means 
of obtaining controlled fresh water 
into the estuaries east of the Mis- 
Sissippi River via the Bonnet Carre 
Spillway. Task leaders established 
were Victor Mavar (Mavar Shrimp and 
Oyster Company, Biloxi) and David J. 
Etzold (Sea Grant Principal Investi- 
gator, University of Southern Missis- 


sippi). 


It was determined that a study 
would need to be conducted to estab- 
lish a document to be presented to 
Congress requesting that Congress 
direct the U.S. Army Corps of Engi- 
neers in New Orleans to develop ways 
and means of solving the problem. 


METHODS 


As a first step, a preliminary 
plan was made which attempted to an- 
ticipate both advantages and disad- 
vantages to the proposed project. A 
listing was prepared of those who 
might be opposed to as well as those 
in favor of such an endeavor. 


A summary of that planning ses- 
sion to assess the feasibility of the 
project included the need for the 
following factors to be considered 
and evaluated: 
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l. Technical--will the course 
of action be a viable effort that 
does not approach or exceed the state 
of the art? 


2. Environmental--will the 
course of action change the environ- 
ment in acceptable ways only, in both 
the short and long runs? 


3. Economic--will the course of 
action result in a benefit-to-cost 
ratio of 1.0 or greater? Juve all 
costs, including social, been consid- 
ered? 


4. Financial--will there be 
funds available to pay for implement- 
ing the course of action? 


5. Social--will those involved 
respond to the course of action in a 
manner commensurate with program 
goals and objectives? 


6. Political and Legal--can the 
course of action acquire and maintain 
the political support required for 
successful implementation? Does it 
conform to applicable laws, or must 
they be changed? 


Before any "best'' alternative 
can be considered totally viable, ef- 
forts must be expended to determine 
the consequences of such action and 
summarized in a manner that decision 
makers can use in selecting a best 
composite course of action for use in 
a specific situation for both short 
and long run implications. Thus, a 
total systems approach must be taken, 
which implies performing a complete 
effort involving much time by a num- 
ber of people. 


Using the above framework, some 
of the activities included the fol- 
lowing 

1. Determine what needs to be 
done and who can best do it. 


2. Set up a timetable of events 
so that progress (or lack of it) can 
be measured. 

3. Be flexible in plans. 

4. Solicit help from existing 
agencies that can contribute toward 


understanding and success of the 
project. 


A summary of the level of de- 
tailed efforts expended in organizing 
and planning the initial stages of 
this project is outlined in a publi- 
cation by Etzold and Williams (1974). 
Some of the efforts included a trip 
to New Orleans to discuss the project 
with the Executive Director of the 
Mississippi Marine Resources Council 
and his staff. 


Discussions ensued with the Na- 
tional Marine Fisheries Service at 
Pascagoula, Mississippi, and discus- 
sions and guidance were obtained from 
members of the Gulf Coast Research 
Laboratory at Ocean Springs, Missis- 
Sippi. Several discussions and vis- 
its were made to the Army Corps of 
Engineers, New Orleans Planning Divi- 
sion, the Mississippi Director of the 
Office of Science and Technology in 
Jackson, and the NASA Earth Resources 
Laboratory at Mississippi Test Facil- 
ity in Bay St. Louis. 


A presentation to the National 
Sea Grant site team in November 1973, 
at Biloxi, Mississippi, included this 
project, which was funded. Articles 
appeared in the Mississippi gulf 
coast newspapers a number of times 
and the project was discussed on 
WLOX-TV. The project was discussed 
with the Mayor and City Commissioner 
of Biloxi, Mississippi. The Coastal 
Zone Management meeting at Baton 


Rouge was attended in February 1974, 
to discuss the project with Louisiana 
attendees. 
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A formal presentation was made 
to the Gulf States Marine Fisheries 
Commission Technical Coordinating 
Committee in New Orleans on March 20, 
1974, to gain support for utilizing 
the Bonnet Carre Spillway as a fresh- 
water source. In effect, the Techni- 
cal Coordinating Committee would not 
endorse the project without a feasi- 
bility study being conducted first. 

A meeting was held next in 
Vicksburg on April 10, 1974, with 
Major General Charles Noble, Presi- 
dent of the Mississippi River Commis- 
sion and Division Chief, U.S. Army 
Corps of Engineers, and members of 
his staff. General Noble expressed 
interest in the project and stated 
that he felt the best route to pursue 
would be a general feasibility study 
to determine all alternative poten- 
tial sources for supplying supple- 
mental fresh water on a controlled 
basis to enhance seafood productiv- 


ity, sports fishing and other wild- 
life activities in the estuarine 
areas. Upon our requests, General 


Noble assigned members of his staff 
to help in formulating a resolution 
for presentation to the appropriate 
legislative delegations for consid- 
eration and action. 


As a result of comments from the 
Gulf States Marine Fisheries Commis- 
sion Technical Coordinating Committee 
and General Noble, the approach was 
altered somewhat. Instead of focus- 
ing on utilizing the Bonnet Carre 
Spillway as the freshwater source, 
the plan was modified to request a 
general feasibility study to encour- 
age all alternative source possibil- 
ities of freshwater diversion into 
the necessary estuaries. 


The next step was to review a 
copy of House Document 308-88/2 (un- 
der the title of Mississippi River 
and Tributaries Project, U.S. Army 


Corps of Engineers 1964). This 
study supported the introduction of 
fresh water into estuaries to improve 
seafood productivity However, it 
could not be determined who should 
supply the necessary funds. Since 
that time, there has been a change in 
policy. Several other studies were 
reviewed for background information. 


The resolution written on our 
behalf by the Vicksburg Division of 
the U.S. Army Corps of Engineers is 
reproduced in full: 


"Resolved by the Committee on 
Public Works of the U.S. Senate (and 
House) that the Chief of Engineers of 
the U.S. Army be, and is hereby re- 
quested to review the report on the 
Mississippi River and tributaries, 
published as House Document 308, 88th 
Congress, and other pertinent re- 
ports, with a view to determining the 
advisability of modifying the recom- 
mendations contained therein with 
particular reference to providing 
freshwater into Lake Maurepas, Pont- 
chartrain, Borgne, and Mississippi 
Sound areas in the interest of im- 
proving the wildlife and fisheries 
resources of this area." 


With the receipt of this reso- 
lution, the next planning efforts 
entailed the solicitation of wide- 
spread support of the project. The 
following endorsements were obtained 
during the next twelve months: 


Mississippi Marine Conservation Com- 
mission May 1974 


& Growers 
August 1974 


Lousiaina Oyster Dealers 


Association 


American Shrimp Canners Association 
September 1974 
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Mississippi Marine Resources Council 
September 1974 


Gulf States Marine Fisheries Commis- 
sion October 1974 


New Orleans Sportsmen's League Di- 


rectors November 1974 
Gulf Coast Research Laboratory 
February 1975 

Louisiana Wildlife Federation, Inc. 
March 1975 

Louisiana Outdoor Writers Associa- 
tion March 1975 
Louisiana Wildlife Biologists Asso- 
ciation March 1975 
Louisiana Wildlife & Fisheries Com- 
mission March 1975 
Mississippi Game & Fish Commission 


April 1975 


With the above endorsements sup- 
porting the project, it was deter- 
mined that sufficient support on a 
broad basis had been established, and 
the next step was taken. A document 
was put together for presentation to 
the U.S. Army Corps of Engineers 
and appropriate numbers of Congress 
(House and Senate). The unpublished 
document was an industry request for 
the U.S. Army Corps of Engineers to 
conduct a feasibility study with a 
view of determining potential sources 
of fresh water to Mississippi and 
Louisiana estuaries and their con- 
trolled diversion to these estuaries 


to enhance fish and wildlife produc- 
tion. 


The contents of this document in- 


cluded: 


I. Conclusions and Purpose 


Il. List of Previous Endorse- 
ments 


III. Resolution Draft Written 
by the U.S. Army Corps of 
Engineers 


IV. Appendices 
A. Resolutions 
B. Participants to Contract 


C. Extracts From Previous 
Studies. 


Through efforts of many, a meeting 
was set up on March 4, 1976, in the 
Forrestal Building, Washington, D.C., 
for presenting our request to the 
Chiet of the U.S. Army Corps of Engi- 
neers, Lieutenant General William C. 
Gribble, members of his staff, and 
the Mississippi, Louisiana, Alabama, 
and Texas representations in Con- 
gress. Our task force included nine 
people, with marine fisheries biology 
personnel from Mississippi, Louisi- 
ana, and Alabama as well as seafood 
industry personnel. It is felt that 


the strong showing of interest plus a 
well-researched and documented plan 
greatly enhanced acceptance of our 
request. 


The agenda presentation was as 
follows: 


I. Introductory Comments 


II. Brief History of Committee 
Actions 


III. Overview of Supporting 
Documents 


V. Questions and Discussion 


We were commended for our depth 
of preparation during the past two 
years and the documentation submitted 
for review and consideration. The 
outgrowth of the presentation was 
that Lieutenant General Gribble and 
his staff reviewed the resolution to 
insure adequacy of its contents. The 
draft was then turned over to the 
appropriate members of Congress to be 
submitted to the Committee on Public 
Works of the U.S. Senate and House of 
Representatives. Our task force 
agreed to assist both the U.S. Army 
Corps of Engineers and our Congres- 
sional delegations in whatever man- 
ner necessary to enhance early ini- 
tiation of the study. 


The study, entitled the "Missis- 
sippi and Louisiana Estuarine Areas," 
was authorized by a_- resolution 
adopted September 23, 1976, by the 
House of Representatives at the re- 
quest of Congressman Trent Lott of 
Mississippi. Thus, with the prime 
responsibility of the project shifted 
to the New Orleans District, U.S. 
Army Corps of Engineers, the first 
phase of the task (which encompassed 
a time frame of some three years) was 


completed. The major thrust of the 
task force remains one of monitoring 
and support, as may be required, 


efforts have been 
keeping interested parties informed 
as to the status of the project. 
Periodic reports have continued to be 
made at the annual American Shrimp 
Canners Association conferences, as 
well as the semiannual Gulf States 
Marine Fisheries Commission confer- 
ences. In addition, support’ to 
the U.S. Congress remains an annual 
event, especially at budget input and 
hearings times. Review with the U.S. 
Army Corps of Engineers, New Orleans 
District, remains on an "as required" 
basis. 


Continuing 


As of August 1979, the U.S. Army 
Army Corps of Engineers, New Orleans 
District issued a Mississippi and 
Louisiana Estaurine Areas Project 
Information Sheet, which summarized 
the current status of the project, as 
follows: 


Work on the study was initiated 
on October 1, 1977. Fiscal year 1978 
funds were used to conduct a field 
reconnaissance of the area by an in- 
terdisciplinary team on November /7 
and ll, 1977. Initial public meet- 
ings were held in Gulfport and New 
Orleans on February 1 and 9, 1978, 
respectively. Coordination meetings 
were held with the U.S. Fish and 
Wildlife Service and Corps of Engi- 
neers, Mobile District. Fiscal year 
1979 funds were used to initiate pre- 
liminary planning and preparation of 
a reconnaissance (Stage I) report. 
Currently underway are reconnaissance 
scope studies to determine the engi- 
neering feasibility, environmental 
acceptability, and economic justifi- 
cation of the freshwater diversion 
measures. The U.S. Fish and Wild- 
life Service is currently preparing a 
report on environmental base condi- 
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tions and future conditions, optimum 
environmental requirements, the rela~ 
tionship between freshwater inputs 
and increased productivity of the 
fish and wildlife resources, and the 
fish and wildlife benefits that could 
be expected. 


The project was funded for fis- 
cal year 1980, and funding for fiscal 
year 1981 is expected to be approved, 
as requested. Efforts continue with 
the U.S. Army Corps of Engineers, 
members of Congress, and other in- 
terested parties. For example, con- 
certed efforts were made to insure 
proper turnout for the 1978 public 
hearings in Gulfport and New Orleans. 
Not only was it considered important 
to the continuation of the project to 
have a strong supportive group in the 
audience, but it was also necessary 
to have a sufficient number of state- 
ments made (written and oral). 


On Febru.ri:y 22, 1980, a meeting 
was held in New Orleans with the U.S. 
Army Corps of Engineers Project Staff 
to insure continuation of interest, 
pledge of support, and review of the 
status and planned future efforts. On 
April 23, 1980 the Corps of Engineers 
New Orleans District, made a presen- 


tation in which it reviewed "our" 
project with two other freshwater 
studies. The thrust of this is to 


tie together several programs that 
have a common purpose, although the 
areas may differ somewhat. The Mis- 
sissippi and Louisiana Estuarine 
Areas Study encompasses Hydrologic 
Unit I and the Mississippi Sound. The 
other studies are west of Hydrologic 
Unit I. 


A planning aid report on the 
Mississippi and Louisiana Estuarine 
Area Study, (Fruge and Ruelle 1980), 
prepared by the Fish and Wildlife 
Service for the New Orleans District 
Corps states that the introduction of 


supplemental fresh water from the 
Mississippi River is expected to pro- 
vide monetary benefits to fish and 
wildlife totaling between $4.4 mil- 
lion and $5.2 million annually. In 
addition, it was stated that the di- 
version is also expected to substan- 
tially reduce the serious loss of 
marsh presently being experienced in 
the Louisiana portion of the study 
area as a result of salt-water intru- 
sion, subsidence, and erosion. 


Seven years of effort have been 
expended on this project by many 
people. It is estimated that before 
fresh water can flow into the estua- 
rine areas, another eight to ten 
years of effort and time will elapse. 
Fifteen years is a long time to keep 
an informal group together, with no 
monetary renumeration, motivated for 
a single purpose. It takes dedica- 
tion, organization, planning, pursua- 
sive leadership, and perseverence. 


CONCLUSIONS 


Although no conclusions can yet 
be drawn because the project has a 
long way to go before it is com- 
pleted, some observations can _ be 
made. Success of the project can 
only be determined by the actual flow 
of fresh water into the estuaries, 
when and where needed, and_ with 
proper monitoring to assess the re- 
sults of such actions. 


Most of that which remains to be 
done is in the hands of the U.S. Army 
Corps of Engineers, the several lo- 
cal, state and Federal fish and wild- 
life agencies, and the U.S. Congress. 
Our task force will support and as- 
sist wherever possible. We will re- 
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main associated with the project un- 
til that "sweet water" flows. 


Although everything we did was 
not the optimum approach, we were 
able to modify our plans where neces~ 
sary and to keep the project orga- 
nized on a going basis. We believe 
that the methodology described in 
this paper is worthy of consideration 
by others who plan to undertake the 
management, planning, and organiza-~ 
tion of a large scale project. The 
basic problem of the need for fresh 
water was alluded to back in 1904 and 
1906 in the first (and second) annual 
report(s) of the Oyster Commission of 
Louisiana. Compared to the year 1904, 
the seven years on the project with 
eight to ten more to go does not ap- 
pear quite so long in duration. 
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ABSTRACT 


With passage of Senate Bill 137 
by the Texas Legislature in 1975, 
Texas water law finally recognized 
the need to preserve estuarine inflow 
and authorized studies to determine 
inflow needs. The Act's legislative 
history is presented along with a 
review of related water law. The 
availibility of applicable law and 
data has not resulted in development 
of an active policy or in strong 
agency action to preserve estuarine 
inflows, however. Examples are drawn 
from Texas Water Commission files 
with emphasis on Palmetto Bend Reser- 
voir (Lake Texana), Choke Canyon Res- 
ervoir and Coleto Creek Cooling Pond 
permits. Also discussed are _ the 
shortlived attempt of the Texas Parks 
and Wildlife Department to partici- 
pate in water rights permit hearings 
and adjudication, the Texas Water De- 
velopment Board's draft "Texas Water 
Plan" (1977) as it relates to estu- 
arine inflows, and the treatment of 
estuarine inflow preservation in Tex- 
as coastal management plan documents. 
Remedial actions are recommended. 


INTRODUCTION 


"Texas water policy has. been 
influenced by the Civil Law of Spain, 
and Mexico, the Common Law of England 
through reception statutes, the en- 
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actments of the Republic of Texas, 
and later by those of the Texas Leg- 


islature" (Yarbrough 1968). The Tex- 
as Legislature borrowed statutory 
concepts and procedures from Ne- 


braska, Colorado, Wyoming, and other 
arid western states. Riparian and ap- 
propriation doctrines were employed. 
With the creation of the Board of Wa- 
ter Engineers, in 1913, a permit sys- 
tem which continues until this day 
was established (Texas Society of 
Professional Engineers and Texas Sec- 
tion of the American Society of Civil 
Engineers 1974). Ground water and 
diffused surface water are the prop- 
erty of the landowner, however, Sec- 
tion 11,021 of the Texas Water Code 
provides: 


"The water of the ordinary flow, 
underflow, and tides of every flowing 
river, natural stream, and lake, and 
of every bay or arm of the Gulf of 
Mexico, and the storm water, flood- 
water, and rainwater of every river, 
natural stream, canyon, ravine, de- 
pression and watershed is the prop- 
erty of the state." 


The original purpose of Texas 
water rights statutes was to provide 
for orderly and peaceful distribution 
of surface water among the State's 
citizens. Beneficial use require- 
ments and ranking of priority among 
competing uses are recognized in 
Texas statutes. Water flowing unused 
to the Gulf of Mexico was (and still 


is in some circles considered to be 
wasted. However, in view of scienti- 
fic discoveries to the contrary and 
the importance of sport and commer- 
cial fishing industries to the Texas 
economy over $563 million annually 
direct and indirect gross business 
(Texas Department of Water Resources 
1979a), Texas water law has been ex- 
panded to include recognition of the 
importance of estuarine inflow. 


texas agencies responsible for 
water have undergone numerous changes 
in name, structure and duties. Func- 
tions of the State now include admin- 
istration of water rights, protection 
of water quality, promotion of water 
development, preparation of a state- 
wide water plan, and maintenance of 
the proper ecological environment of 
bays and estuaries. Senate Bill 1139 
by the 65th session of the Texas Leg- 
islature reorganized the functions 
among the water agencies, abolished 
the Water Quality Board, transferred 
executive functions to the Department 
of Water Resources, replaced the Wa- 
ter Rights Commission with the Water 
Commission within the Department as 
the judicial arm of the agency and 
incorporated the Water Development 
Board in the Department as the agen- 
cy's policy branch (Texas Natural 
Resources Council 1978). River au- 
thorities, water districts and cities 
also contribute significantly to wa- 
ter resources planning and develop- 
ment on the State level. 


Average annual runoff in Texas 
18g 4) million acre-feet (60.5 x 
10° m ). Current annual water use in 
Texas is approximate ly 1) . 3 million 
acre-feet (21.3 x 10 am) of which 
only 5 million acre-feet (6.2 x 10 
m ) are derived from surface water 
sources, however, the dependable 
yield from surface and groundwater 


sources without mining aquifiers is 


only J5.1 million acre-feet (18.6 x 
10° m”) per year. Projected water re- 
quirements for domestic, municipal, 
industrial, and irrigation useg are 
27 million acre-feet (33.3 x 10° m’) 
ang 39.6 million acre-feet (48.9 x 
10 ) in the years 2000 and 2030 
respectively (Texas Department of Wa- 
ter Resources 1979b). 


Historical 1941-1976) freshwater 
inflows (excluding direct precipita- 
tion) to the major Texas estuaries 
(excluding Laguna Madre) average 
abgut 3 29 million acre-feet (35.8 x 
10° m) annually (Texas Department 
of Water Resources 1979a). Current 
permitted diversions for several ma- 
jor river systems nearly equal or ex- 
ceed the mean annual discharge (Texas 
Natural Resources Council 1978; Texas 
Department of Water Resources 1980). 
Present rates of diversion are usu- 
ally well below the permitted level, 
however, the bays would suffer se- 
verely during drought periods. As wa- 
ter requirements for inland needs 
reach the developable supply of con- 
tributing river basins, the potential 
exists for substantial alteration of 


the freshwater inflow regimes’ to 
estuaries (Texas Water Development 
Board 1977). 

DISCUSSION 


LEGISLATION 


Following the drought of the 
1950's, Governor Price Daniel asked a 
special legislative session to create 
a statewide water planning agency 
(General and Special Laws, Texas 
1957a,b). The resultant Water Plan- 
ning Act of 1957 established the Wa- 
ter Resources Planning Division with- 
in the Board of Water Engineers. 
This act was the first step toward 


development of a comprehensive state- 
wide water plan, and though aimed 
primarily at development of storage, 
it did direct study of "other" bene- 
ficial uses of water. Planning 
duties were later placed within the 
Water Development Board. 


After defeat by voters of a pro- 
posed constitutional amendment pro- 
viding for financing of the Texas Wa- 
ter Plan and expansion of the powers 
of the Water Development Board, the 
6lst Legislature established a study 
committee to investigate water devel- 
opment planning including the eco- 
logical effects from implementation 
of the State water plant (Texas Water 
Resources Study Committee n.d.). The 
committee found the proposed plan not 
to be flexible as mandated by stat- 
ute, no assurance by the Water Devel- 
opment Board for consideration of the 
environment, and substantial public 
concern for assuring adequate fresh- 
water inflow to estuaries. Appendix 
A of the Committee report contained 
proposed legislation to authorize the 
Water Rights Commission, after proper 
hearing and study, to allocate quan- 
tities of water it considered neces- 
Sary to maintain the proper balance 
of fresh and salt water in bays and 
estuaries, such allocation not to in- 
terfere or adversely affect prior ap- 
propriations. 


The 61st Texas Legislature also 
passed Senate Concurrent Resolution 
38 which declared the policy of the 
State of Texas to protect public in- 
terest in coastal resources including 
estuaries and directed the _ Inter- 
agency Natural Resources Council to 
coordinate studies of coastal _ re- 
source problems (Texas Coastal and 
Marine Council 1979). Studies and 
reports resulting from this resolu- 
tion have served as the basis for 
much legislation and policy modifica- 
tion in (Texas since 1969 Texas 
Coastal and Marine Council 1979). 
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Legislation concerning’ reser- 
vation of freshwater inflow drafted 
by the Texas Water Resources Study 
Committee was not adopted by the 62nd 
Texas Legislature in 1971. Johnson 
(1973) reports the Water Rights Com- 
mission at a later date expressed an 
opinion that such legislation was not 
necessary as the general grant of 
powers to it is sufficiently broad to 
accomplish this purpose. The 62nd 
Texas Legislature did, however, ex- 
tensively revise the Texas Water Code 
and in so doing mandated that con- 
sideration be given in the water plan 
to the effect of upstream development 
on the bays and estuaries (Texas Wa- 
ter Code Sec. 16.061 [d]). 


Senate Concurrent Resolution 101 
of the 63rd Texas Legislature (1973), 
and Senate Resolution 267 and House 
Separate Resolution 83 of the 64th 
Texas Legislature (1974) (Texas 
Coastal and Marine Council 1979) con- 
tain virtually identical wording 
stating the need for freshwater in- 
flow to maintain estuaries and the 
inherent right of Texans to use and 
enjoy such resources. As an outgrowth 
of these resolutions, the 64th Texas 
Legislature passed the most signifi- 
cant legislation to date for Texas 
concerning preservation of estuarine 
inflow-Senate Bill 137 by Schwartz et 
al. (General and Special Laws, Texas 
1975). This act established main- 
tenance of the proper ecological en- 
vironment of the bays and estuaries 
as public policy (Texas Water Code 
Sec. 1.003), requires the Water Com- 
mission to assess freshwater inflow 
needs when considering applications 
for permits (Texas Water Code Sec. 
11.147), and provided for studies of 
the effects of freshwater inflow to 
be completed by December 1979 by the 
Water Development Board (Texas Water 
Code Sec. 16.058). 


In testimony before the Senate 
Committee on Natural Resources (March 


12, 1975), Senator Schwartz stated 
that failure of the water plan to be 
accepted was due to failure to meet 
coastal needs and that the informa- 
tion to be developed on freshwater 
inflow needs was necessary for envi- 
ronmental impact statements and prop- 
er development of water resources. 
Mr. Lewis Seward, Water Development 
Board technical witness at the hear- 
ing, indicated that during prepara- 
tion of the Texas Water Plan in 1965, 
the board found insufficient informa- 
tion on freshwater inflow needs and 
no coordinated study in progress to 
determine such needs. He further 
Stated that the board and U.S. Geolo- 
gical Survey had started a coopera- 
tive date-gathering program on this 
matter in 1967. 


Senate Bill 13/7 passed without 
dissent in the senate and cleared the 
house by a substantial majority 
(though it took two attempts to get 
out of the House Natural Resources 
Committee). The House added amend- 
ments insuring the Water Rights Com- 
mission could continue to exercise 
all jurisdiction on applications not- 
withstanding the status of the au- 
thorized studies (bill analysis for 
the Senate Committee on Natural Re- 
sources stated this intent) and ex- 
cluding any additional authorization 
of funding for inflow studies (Texas 
House Journal 1975). The Senate re- 
fused the House amendments, and the 
Conference Committee report which 
adopted essentially the Senate ver- 
Sion except for addition of a specif- 
ic funding provision was enacted. 


Senate Bill 13/7 removed = any 
doubt concerning the authority of the 
Water Rights Commission (now Water 


Commission) to reserve unappropriated 
water for estuarine 
solved at least in part many of the 
concerns expressed by 

No longer would preservation 


inflow and re- 


Johnson 


legal 
(1973). 


of estuarine inflow’ be 
solely on interpretation of public 
trust doctrine, riparian’ rights, 
prior appropriation doctrine, or im- 
plied authority to preserve. Further- 
more, attacks on preservation of in- 
flow based on diversion requirements 
would no longer be viable if the Com- 
mission chose to reserve water. 


dependent 


Other portions of the Texas Wa- 
ter Code having significant bearing 
on preservation of freshwater inflow 
to estuaries are: section 11.021(b) 
declares imported water transported 
in navigable streams becomes property 
of the State; section 11.023 lists 
purposes for which water may _ be 
appropriated essentially any benefi- 
cial use and also allows for impound- 
ment of arms, inlets and bays of the 
gulf; section 11.024 lists appropri- 
ation preferences as_ follows: (1) 
domestic and municipal; (2) indust- 
rial; (3) irrigation; (4) mining; (5) 
hydroelectric; (6) mavigation; (7) 
recreation and pleasure; (8) other 
beneficial uses; section !1.030 pro- 
vides forfeiture of water rights for 
willful nonuse; section 11.033 pro- 
vides power of eminent domain to all 
political subdivisions of the State 
and constitutional agencies to re- 
cover from other uses water for do- 
mestic and municipal supply; sections 
11.301 et. seq. provides for adjudi- 
cation of existing water rights now 
in progress; section 12.112 exempts 
the Water Development Board and Texas 
Parks and Wildlife Department from 
any filing, recording or use fees for 
water appropriations; and _ section 
16.052 forbids contemplation and for- 
mulation of a plan for interbasin 
transfer of water if water will be 
needed in the basin of origin within 
50 years. 


pertaining to 
relatively 


[Texas water law 


estuarine inflow is 


untested, therefore, much is unsettl- 
ed in this area of jurisprudence. 
Questions arise as to the priority of 
freshwater inflow, what constitutes 
consideration of inflow needs in as- 
sessing appropriation applications or 
upstream developments, and interbasin 
transfer if water is needed in the 
basin or origin for estuarine inflow. 
What is the standing of freshwater 
inflow needs in basins already fully 
appropriated, particularly after ad- 
judication has been completed? Should 
interstate importation of water and 
construction of storage for meeting 
estuarine inflow needs be considered 
feasible if such water supplies can 
be easily condemned for municipal 
purposes? Is additional clarifica- 
tion by the Legislature needed? A re- 
view of agency actions and policy 
should shed some light on these mat- 
ters. 


AGENCY ACTION AND POLICY 


Water 


Rights 


The first significant considera- 
tion of estuarine inflow in a water 
rights application occurred prior to 
passage of Senate Bill 137 and prima- 
rily involved academic study rather 
than long-term preservation of fresh- 
water inflows per se. The Texas Wa- 
ter Development Board (1972) re- 
quested permission to use water from 
Palmetto Bend Reservoir (a _ joint 
project with the Lavaca-Navidad River 
Authority now named Lake Texana) for 
inflow effect studies to develop a 
program as required for the Texas Wa- 
ter Plan. The selected .2lease pro- 
gram was not to constitute a perma- 
nent right in reservoir yield. Pro- 
testants to the application attacked 
this request, primarily questioning 
the great cost for an irreversible 
environmental experiment (Shannon 


1972). 


The Water Rights Commission 
(McDaniels 1972) wrote the Board 
Stating that using all of the testi- 
mony presented in public hearing in- 
dicated the requirements for main- 
tenance of the estuary system down- 
stream from Palmetto Bend are unknown 
and questioned the justification for 
issuance of a permit if the demands 
of the estuary would reduce the yield 
of the project. The Texas Water De- 
velopment Board (1972) responded by 
reiterating that no permanent right 
on reservoir yield was to be per- 
fected by the release program and 
that the project was not adverse to 
the bay based on previous studies and 
studies in progress. The Water 
Rights Commission issued the permit 
on October 3, 1972 and as revised on 
May 9, 1979 allows the Water Develop- 
ment Board to use its share of the 
annual firm wield (43,000 acre-feet 
or 5.3 x 10 m ) for estuarine in- 
flow studies until such water has 
been contracted for other uses. 


The Water Rights Commission 
again dealt with estuarine inflows 
when considering the application by 
the City of Corpus Christi and the 
Nueces River Authority for water 
rights to Choke Canyon Reservoir. The 
Choke Canyon Reservoir site itself 
had been chosen over a downstream 
Site partially to reduce adverse ef- 
fects on the Corpus Christi estuary. 
Also, by letter of February 19, 1974 
to the U.S. Bureau of Reclamation, 
the City of Corpus Christi suggested 
releases of 151,000 acre-feet (1.9 x 
108/m') per year from their water 
system for estuarine maintenance af- 
ter completion of Choke Canyon Reser- 
voir (Towsend 1974). 


Testimony on the effects of 
estuarine inflow was given at the 
public hearing before the Water 
Rights Commission by Al Hill of the 
U.S. Bureau of Reclamation (now 
Water and Power Resources Service). 


Mr. Hill testified that the effects 
of Choke Canyon Reservoir on the 
Corpus Christi Bay estuary were un- 
known (Texas Water Rights Commission 
1976a). He further stated ,th t the 
151,000 acre-feet (1.9 x 10 m ) per 
year figure for estuarine inflow was 
derived by calculating the expected 
effluent return flow’ from use of 
the entire 252,000 acre feet (3.1 x 
10° m) firm yield of Lake Corpus 
Christi and Choke Canyon Reservoir 
(Texas Water Rights Commission, 
1976b) was hardly a scientific method 
of determining inflow needs! 


The Texas Parks and Wildlife 
Department was vitally interested in 
reservation of sufficient freshwater 
inflow to Corpus Christi Bay and 
therefore via letter of September 3, 
1976 and meetings on September 1 and 
7, the department sought results of 
Water Development Board studies on 
inflow needs (Garrison 1976). The 
exact informational needs of the de- 
partment were not met. The Department 
(letter of September 13, 1976) re- 
quested that the Water Rights Commis- 
sion include permit provisions to 
provide whatever water in additjon to 
151,000 acre-feet (1.9 x 10 m) per 
annum was needed, for estuarine in- 
flow (Garrison 1976b). The Water 
Rights Commission (letter of Septem- 
ber 20, 1976) notified the Department 
that its comments were received too 
late for consideration but that the 
Commission did hear extensive testi- 
mony on the effects of Choke Can- 
yon Reservoir on Corpus Christi Bay 
(Schneider i976). 


Permit No. 3358 granted on Oc- 
tober 12, 1976 requires that upon 
filling, Choke Canyon Reservoir - 


Lake Corpus Christi System shall re- 
turn flows to Corpus Christi Bay and 
other estuaries. The permit further 
states that water for estuaries shall 
be released in such quantities and in 
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accordance with such operational pro- 
cedures as may be ordered by the Com- 
mission, 


The Texas Department of Water 
Resources (1979a) recommended _ sub- 
sistence level annual inflow gauged 
and ungauged from the Nueces Basin 
for the Nueces-Corpus Christi Bay 
Espuany is 397,000 acre-feet (4.9 x 
10 The projected average com- 
bined Nueces River inflows with full 
use of Lake Corpus Christi and Choke 
Canyon (under year 2010 conditions) 
(U.S. Bureau of Reclamation 1974) 
will fall short of this amount (the 
current median annual inflow is also 
below this amount and fluctuations 
may be beneficial to estuarine pro- 
ductivity). Permit No. 3358 there- 
fore does not assure adequate estu- 
arine inflow. Furthermore, a spokes- 
man for the Department of Water Re- 
sources has indicated that in periods 
of severe drought, people and indus- 
tries will probably receive the water 
reserved for estuarine inflow (Palmer 
1980), and indeed the Water Commis- 
sion has powers to allocate among 
uses during periods of shortage. 


The Texas Parks and Wildlife De- 
partment took a more active role re- 
garding the application(s) of the 
Guadalupe-Blanco River Authority and 
Central Power and Light Company for 
the Coleto Creek Cooling Pond, filing 
a protest seeking to preserve in- 
stream flow and estuarine inflow for 
fisheries. The Water Rights Commis- 
sion on February 14, 1977 in consid- 
ering a coitinuance requested by the 
Department indicated it had recently 
been encouraging participation by 
the Department and wished to give it 
every opportunity for an adequate 
hearing. Because this was the first 
time the Texas Parks and Wildlife De- 
partment had formally filed a pro- 
test on a major application, the Com- 
mission believed it might have far 


reaching effect on State water pol- 
icy. The Department reached a settle- 
ment with the applicants in regard to 
base flow releases (and did not pur- 
sue estuarine inflow issues) before 
the commission reconsidered this mat- 
ter in a public hearing on February 
28, and March 1, 1977 therefore, 
little if any policy effects oc- 
curred. 


While preparing for participa- 
tion in the Coleto Creek hearing, the 
Texas Parks and Wildlife Department 
learned that Jack Nelson, Water De- 
velopment Board Environmental Divi- 
sion Chief, was to testify for the 
applicants in regard to estuarine in- 
flow effects. A request for materi- 
als on estuarine inflow upon which 
Mr. Nelson was to testify was at 
first refused and the data provided 
only after the Department filed a re- 
quest for commission and subpoena 
with the Water Rights Commission on 
February 22, 1977. 


On March 1, 1977, Mr. Nelson 
testified at great length before the 
Water Rights Commission in regard to 
the Water Development Board's inflow 
studies. He indicated that San An- 
tonio Bay gneeds 1.2 million acre-feet 
(1.5 x 10° m) of fresh water per 
year and because the proposed permit 
would allow consumption of only a 
fraction of this amount, it was in- 
consequential. Mr. Mosley of Central 
Power and Light had earlier testified 
the project would have minimal effect 
Since it would reduce inflow to San 
Antonio Bay by only 0.8 percent. This 
same type of analysis was often em- 
ployed by the Water Rights Commission 
staff. 


Mr. Nelson did make a somewhat 
startling disclosure in his testimony 
(Coleto Creek Cooling Project Hearing 
Record pp. 258-259): "I would like to 
say that we would have had that (sic. 
San Antonio Bay inflow study) com- 
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pleted Mr. Chairman, except we went 
into revision of the Texas Water Plan 
and that went on the back burner." 


A Texas Water Rights Commission 
staff memorandum (November 12, 1976b) 
states the Technical Service Division 
using their "Water Availability Mod- 
el" estimated an aver ag of 855,089 
acre-feet (10.6 x 10 m) per year, 
ranging from a mj nimum of 11,938 
acre-feet (1.5 x 10 m ) to a maxi- 
mug f 2.2 million acre-feet (2.7 x 
10°m’) as available for appropriation 
from the Guadalupe River at the di- 
version point for the Coleto Creek 
Reservoir. This is the total flow 
of the river remaining after per- 
mitted diversions and reflects the 
view prevailing in the Water Rights 
Commission staff that reservation of 
flows for estuarine inflow is not 
mandatory. 


In granting a permit(s) for 
Coleto Creek Cooling Pond, the Water 
Rights Commission (April 25, 1977) 
assessed effects on San Antonio Bay 
as minimal. The cumulative effect 
upon San Antonio Bay of water appro- 
priations was given little if any 
real consideration. 


The Texas Parks and Wildlife De- 
partment is dependent upon the At- 
torney General's Office for legal 
counsel and by letter of September 
15, 1976 requested advice from the 
Attorney General on options to insure 
freshwater flows to maintain viable 
sport fisheries. The Texas Parks and 
Wildlife Commission was advised via 
memorandum of December 1, 1976 (Ca- 
room and Newsom 1976) to participate 
in adjudication because once final- 
ized by the courts, adjudication of 
water rights could be final and con- 
clusive. The course of action recom- 
mended (to preserve instream flows) 
was to claim a reserved right of wa- 
ter (riparian right) held in trust 
for the benefit of all citizens. 


This reserved right would date back 
to the State's creation when it as- 
sumed ownership of water. It was 
pointed out that any appropriation of 
water for recreation and fisheries 
would rank at the bottom of the stat- 
utory list of water use priorities. 
The Texas Parks and Wildlife Commis- 
sion was further advised that: '"Be- 
cause the Water Rights Commission 
sits as an adjudicatory body on per- 
mits, it is difficult for them to ad- 
vocate the needs of fish and wildlife 
on behalf of the State." (Caroom and 
Newsom 1976). 


By letter of January 28, 1977, 
the Texas Parks and Wildlife Depart- 
ment directed the Attorney General's 
Office to pursue reservation of wa- 
ter rights for fish and wildlife in 
the Medina River adjudication. 


A claim and a contest were filed 
on January 28 and 31, 1977, respec- 
tively, by the Texas Parks and Wild- 
life Department claipin 2.07 million 
acre-feet (2.6 x 10° m ) per annum 
freshwater inflow (the average his- 
torical inflow) to San Antonio Bay. 
This amount was within the range 
found by Childress et al. (1975) to 
be needed for preservation of the San 
Antonio Bay fishery. 


Newsom (1977) in a brief to the 
Texas Parks and Wildlife Commission 
presented various options for secur- 
ing estuarine inflow. The appropri- 
ations route was thought unworkable 
because, (1) diversion requirements 
under common law and virtually every 
jurisdiction in the country would be 
an unbearable burden, (2) the Commis- 
sion could not afford storage facili- 
ties, (3) the low priority of use, 
and (4) the needed quantity of water 
was not available for appropriation 
in some river basins. 


Protesting individual applica- 
tions was also thought to be imprac- 


tical. Of special interest are New- 
som's statements on page 3: 


"Indeed, the truth of the mat- 
ter is that the bays and estuaries 
are being nickeled and dimed to 
death with even minor appropria- 
tions. A percentage reduction here 
and a percentage reduction there 
may seem insubstantial to water de- 
velopment engineers; yet the actual 
impact upon both short and _ long 
term fisheries' productivity may be 
great." 


and on page 5: 


That the fish and wildlife re- 
sources of the state are signifi- 
cant and important natural _ re- 
sources and accordingly within the 
public trust of the state to pre- 
serve and protect is a proposition 
palatable to both existing stat- 
utory authority and judicially 
created case law. The principal 
case in water law and water rights 
in this state, Motl v. Boyd, 116 
Tex. 82, 286 S.W. 458 (1926), rests 
upon the holding that the distri- 
bution and recognition of water 
rights must be consistent with the 
public trust shared by officials of 
the state. 


Opposition to the Texas Parks 
and Wildlife Department's partici- 
pation in adjudication arose among 
water rights permit holders, parti- 
cularly those fearful of forfeiture 
due to nonuse. The Bexar-Medina- 
Atascosa Water Improvement District 
Number One (1977) circulated a res- 
olution decrying such participation, 
and water development and_= supply 
agency representatives were openly 
hostile to Texas Parks and Wildlife 
Department representatives at a March 
15, 1977 meeting held at the San An- 
tonio River Authority's headquarters 
to discuss the status of the claim 
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and contest. In view of such turmoil, 
the Texas Parks and Wildlife Commis- 
sion reconsidered involvement in ad- 
judication during a _ special public 
hearing on March 18, 1977. Commis- 
sioner Bob Burleson (Texas Parks and 
Wildlife Department 1977:90-91) ex- 
pressed concern that pursuing water 
rights through adjudication would 
risk department budget appropriations 
by the legislature for other pro- 


grams. Indeed, such threats were 
made (Burleson, Pers. Comm. July 7, 
1980). 


The Texas Parks and Wildlife 
Commission opted to withdraw from ad- 
judication but asked the Attorney 
General's Office to draft suggested 
language reserving public interest in 
water for inclusion by the Water 
Rights Commission in permits. Newsom 
(1977) offered the following: 


"This determination, and each 
and all claims of water rights re- 
cognized herein are subject to the 
continuing right of the sovereign, 
State of Texas, to provide an ade- 
quate supply of fresh water for the 
preservation and conservation of 
the public's fish and wildlife re- 
sources." 


Though the Texas Parks and Wild- 
life Commission did not pursue this 
matter (and the Department discon- 
tinued nearly all activities to pre- 
serve estuarine inflows), language to 
accomplish the same purpose surfaced 
in the Department of Water Resources. 
A memorandum by Chief Counsel Bigelow 
(Texas Department of Water Resources 
1978) concerning a Gulf Oil Company 
application for a substantial diver- 
sion from the lower Guadalupe River 
States that Water Commission exam- 
iners have been recommending the fol- 
lowing clause to comply with the 
Statutory mandate to assess the ef- 
fect of applications on bays and 
estuaries: 


"This permit is issued subject 
to the Commission's continuing au- 
thority to require permittee to 
cease direct diversions to accom- 
modate the needs of the needs of 
the Bay System as deter- 
mined by the Department of Water 
Resources." 


Mr. Bigelow found that the depart- 
ment's planning division intended to 
"do nothing" regarding the signifi- 
cant bay and estuary question in- 
volved by the Gulf Oil Company appli- 
cation and recommended that the de- 
partment take a position urging the 
Water Commission to include the above 
language in a permit if granted. Per- 
mit 3606 issued to Gulf Oil Company 
on October 16, 1978 merely stated the 
commission has assessed the effects 
of issuance on the bays and estua- 
ries. 


The Water Commission has no real 
policy on preservation of freshwater 
inflow to estuaries. In fact they 
have failed to develop such policy as 
requested by petitions dated January 
6, 1978 and March 15, 1978 by the 
Wildlife Management Institute. The 
latter request merely asked for pro- 
cedural rules to enter Department of 
Water Resource estimates of inflow 
needs and water availability data in- 
to the record of all permit hearings. 


The Department of Water Re- 
sources has produced the estuarine 
inflow studies required by Senate 
Bill 137 and briefed the Water Code 


Subcommittee of the House Natural 
Resources Committee on March 14, 
1980. These studies have resulted in 


excellent data on which to base res- 
ervation of freshwater inflows. Al- 
ternatives suggested for meeting in- 
flow needs were (1) granting of water 
rights for surface water diversion 
and/or storage consistant with estu- 
arine needs and (2)water resource de- 
velopment in those basins estimated 


to have surplus water to meet multi- 
ple purposes including those of water 
deficient basins (Texas Department of 
Water Resources 1980). Upon ques- 
tioning by the Committee, Mr. Bigelow 
(Water Code Subcommittee 1980) al- 
lowed that legislative guidance was 
needed by the Water Commisssion and 
the Department of Water Resources as 
to how they should take into account 
estuarine inflow needs, i.e. deny 
permits, condition permits, etc. 


TEXAS WATER PLAN 


Development of the Texas Water 
Plan also has ramifications for pre- 
servation of estuarine inflow. Chap- 
man (1971) provides a review of a 
1968 version of the plan which would 
supplement inflow to various’ bays 
with water from out of state, sub- 
stantial curtailment of estuarine in- 
flow would occur due to local devel- 
opment. As indicated earlier, fail- 
ure to adequately address estuarine 
needs has hampered development of an 
acceptable plan. 


In 1977, the Texas Water Devel- 
opment Board circulated a draft plan 
entitled Continuing Water Resources 
Planning and Development for Texas 
(Vol. I and II). Although the 1977 
draft is bolstered by preliminary in- 
formation from the estuarine inflow 
studies mandated by Senate Bill 13/7, 
it fails to provide any meaningful 
plan to assure estuarine inflow but 
does propose to meet "needs" for 
municipal expansion. The Water De- 
velopment Board once again appears 
preoccupied with facility development 
and loan fund activity as found ear- 
lier by the Texas Water Resources 
Study Committee (n.d.). Due to Mr. 


Nelson's revelations before the Water 
Rights Commission regarding estuarine 
inflow studies being placed on the 
back burner to get 


out the water 


plan, little credibility can be af- 
forded the board's consideration of 
the needs of estuaries. 


One can only guess at how the 
Water Development Board expects to 
fund any storage or import of water 
to meet estuarine needs. If the 
board's position that mitigation of 
fish and wildlife losses from water 
resource developments be paid by Fed- 
eral and State fish and wildlife 
agencies (Texas Department of Water 
Resources 1979a) is any indication, 
perhaps the board would expect fish- 
ermen to pay for replacing historic 
flows to the bays. 


In what may not have been in too 
facetious a vein,(Department of Water 
Resources 1979c) listed "get the en- 
vironmentalists off our backs" among 
four points to assure adequate water 
supplies. If this view prevails in 
the Department, then little more than 
a straight economic balancing act can 
be expected in consideration of water 
for estuaries. Such an approach is 
in keeping with the Governor's Water 
Resource and Conservation Task Force 
(n.d.) recommendation that study of 
freshwater requirements of estuaries 
was necessary for economic analysis 
purposes in resolving tradeoffs with 
competion uses. 


TEXAS COASTAL MANAGEMENT 


PLAN 


The other major state planning 
effort having concern for estuarine 
inflows has been coastal zone manage- 
ment. Several important pieces of 
State legislation were passed in the 
early 1970's to prepare Texas. for 
development of a meaningful coastal 
management plan. The plan as_ sub- 
mitted by the Texas General Land Of- 
fice (1978) failed to provide any 


substantial improvement in protection 
of public coastal resources, and in 
regard to preservation of estuarine 
inflows, it painted an erroneous pic- 
ture of the state of affairs. Among 
the mistakes was an assertion that 
Texas Parks and Wildlife Department 
actively participates before the Wa- 
ter Rights Commission and that great 
weight is afforded its testimony. 
This information appears to have been 
lifted almost verbatum from Texas 
Coastal Issues, A Preliminary Report 


(Texas Natural ~ Resources Council 
1978). A’ revised coastal program 
(Clements, 1979) states the Water 
Commission may deny a permit if de- 
trimental to estuaries and that in 
addition to Texas Parks and Wildlife 
Department review, the Department of 
Water Resources makes a detailed as- 
sessment of each application's effect 
on estuaries. Neither plan contains 
concrete provisions for estuarine in- 
flow preservation. Another draft plan 
is to be issued in 1980. 


CONCLUSIONS 


While Texas possesses an excel- 
lent data base on estuarine inflow 
needs and powers granted the Water 
Commission appear sufficiently broad 
to allow reservation from appropria- 
tion those quantities of water re- 
quired and still available, agency 
actions and policy do not reflect a 
comprehensive program to_ provide 
freshwater inflow to estuaries. In 
particular, no consideration is given 
to the cumulative effect of water ap- 


propriation. Also, no program to 
provide inflow in overappropriated 
basins has been enacted. Though ad- 


ditional direction from the legisla- 
ture as suggested by Bigelow (Water 
Code Subcommittee 1980) may be help- 
ful (and in the end necessary), other 
remedies are available. 
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To date no strong advocacy posi- 
tion and testimony has been presented 
before the Water Commission in sup- 
port of reserving water for estuarine 
inflow. A protest to a major permit, 
including assessment of effects on 
bays and estuaries as a major issue, 
could result in significant policy 
changes. 


Rule making is another avenue 
for reform which can be instigated 
by agencies, conservation and fish- 
ing groups, and individuals. Rules on 
presentation of existing inflow needs 
data and reservation of freshwater 
inflow should be developed for as- 
sessing new applications and for re- 
maining adjudications. Rules on term 
and conditional permits may be in 
order for basins now having annual or 
seasonal surpluses of water. 


In basins already over allocat- 
ed (including those already adjudi- 
cated), diligence should be exercised 
by the Water Commission in revoking 
permits for nonuse. Substantial quan- 
tities of water may be freed for es- 
tuarine inflow reservation by this 
method. Cancellation upon expiration 
of term permits may also free a li- 
mited amount of water. It is doubt- 
ful that taking of perfected private 
water rights (particularly adjudi- 
cated rights) for estuarine inflow 
could be accomplished or is even de- 
sirable. 


The Texas Parks and Wildlife De- 
partment is responsible for protec- 
tion and enhancement of fish and 
wildlife resources and is therefore 
the proper agency of the State to 
take an advocacy role in estuarine 
inflow preservation. It should be- 
come active in pursuing reservation 
of freshwater inflow to estuaries and 
in development of the Texas Water 
Plan. 


water rights, 
development of storage facilities, 
and interbasin transfer of water for 
fisheries preservation appear imprac- 
tical due to cost, threat of loss 
through condemnation, and low prior- 
ity in time and use. Also, partici- 
pation by fisheries interests in all 
permit hearings would constitute an 
unreasonable burden. 


Application for 


A State policy of continued in- 
dustrial and municipal growth can be 
expected to further reduce the avail- 
ability of freshwater for estuaries. 


DISCUSSION 


Comment: Bill Farguhar, Chair- 
man of the River Authorities Group 
Organization in Texas: I have no 
authority whatsoever to speak for any 
other river authority here this 
afternoon. The point I would like to 
make to all of you, is that I have 
worked with these other river author- 
ity general managers for 10 to 12 
years. I've been their chairman for 
a couple of years. I know them 
pretty well. A great majority of them 
are reasonable men. And you can talk 
to them. I have come away from this 
with a definite impression that most 
of you who are interested in gaining 
inflows for the estuaries prefer to 
attack rather than to talk. Let me 
recommend to you that you drop your 
confrontation and attack tactics and 
come and sit down with us--those of 
you who have official responsibil- 
ities in connection with freshwater 
inflows. I think the majority of us 
are reasonable men. We would like to 
talk to you about it. We are just as 
interested in our estuaries as you 
are. Once these studies are in, we'll 
be happy to sit down with anyone who 
is interested in the agency or the 
water board and work out an accurate 
solution and actually support it be- 
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fore the Water Commission. Again, 
let me advise you to come and talk 
to us instead of attacking us. Thank 
you. 
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FRESHWATER INFLOW TO THE COLUMBIA ki VER ESTUARY: 


A NORTHWEST REGIONAL MANAGEMENT ISSUE 
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Columbia River Estuary Data Development Program 
Pacific Northwest River Basins Commission 
Vancouver, Washington 


ABSTRACT 


The Columbia River is the largest 
freshwater drainage system on the 
Pacific coast of North America, yet 
less is known about its estuary than 
about any other of comparable size in 
the United States. With many con- 
flicting uses for its water, the Co- 
lumbia River system is unable to meet 
all the demands for water during pe- 
riods of reduced discharge. The Pa- 
cific Northwest River Basins Commis- 
sion, as the interagency regional 
planning organization dealing with 
water resource planning in the Colum- 
bia River system, has undertaken two 
programs designed to deal directly 
with this issue of instream flows. 
The Regional Tradeoffs Analysis Pro- 
gram will be evaluating and document- 
ing competition among various water 
uses and the economic, environmental, 
and social benefits and costs (trade- 
offs) which would result from alter- 
native levels of use for competing 
purposes. The Columbia River Estuary 
Data Development Program is a $6.2 
million special program with a dual 
purpose: to increase the understand- 
ing of the Columbia River estuary as 
a system, and to acquire information 
needed for making specific land/water 
management decisions. It is antici- 


pated that the inclusion of informa- 
tion provided by this interdisciplin- 
ary research effort in the Regional 
Tradeoffs Analysis Program will pro- 


vide a solid basis for prodicting im- 
pacts of varying instream flows on 
the Columbia River estuary. 


INTRODUCTION 


THE REGION 


The physical geography of the 
Pacific Northwest is dominated by 
three mountain ranges which generally 
have a north to south orientation. 
The westernmost mountains are the 
Coast Range. Although most of these 
peaks are below 3,000 feet in eleva- 
tion, a few exceed 7,000 feet on the 
Olympic Peninsula. The next range of 
mountains to the east are the Cas- 
cades, the most visually prominent 
mountains in most of Oregon and Wash- 
ington as well as the dominant cli- 
matic control over most of this re- 
gion. The Cascade crest varies be- 
tween 4,000 and 6,000 feet in eleva- 
tion. This mountain range also in- 
cludes the only volcanically active 
region in the conterminous United 
States. Several of the volcanic peaks 
exceed 10,000 feet with Mount Rainer 
dominating the chain to the north, 
while Mount St. Helens dominates the 
news. Still further to the east, in 
Idaho, Montana, and Wyoming are the 
Northern Rocky Mountains with a few 
peaks exceeding 12,000 feet in eleva- 
tion. 


The climate of the region is 
best described as both seasonally and 
geographically variable. Precipita- 
tion is concentrated in the period of 
December to April, with little or 
none being measured from July through 
September. A "normal" summer west of 
the Cascades may have 70 to 80 con- 
tinuous days of no precipitation, re- 
sulting in a summer drought despite 
annual averages of 24 to over 200 
inches of precipitation. 


Geographically the climate is 
influenced by the mountain 
ranges. The prevailing winds bring 
considerable moisture into the re- 
gion from the Pacific Ocean. Much of 
this moisture is then dropped on the 
western slopes of the mountains as 
the air masses are adiabatically 
cooled, leaving the eastern slopes 
much dryer. Despite the reputation 
the Northwest has for receiving large 
amounts of precipitation, more than 
half of the Columbia River drainage 


much 


basin receives less than 24 inches 
of precipitation annually (Pacific 
Northwest River Basins Commission 
1979). 

THE RIVER 


The Columbia River system con- 
sists of the Columbia River, one ma- 
jor tributary (the Snake River), and 
many lesser tributaries. The Colum- 
bia River has its origin in Columbia 
Lake in the Canadian Rockies. From 
there the river follows a circuitous 
route for over 1,200 miles, including 
480 miles in Canada, to the Pacific 
Ocean. The river drains a total of 
about 260,000 square miles, of which 
about 85 percent, or 219,000 square 
miles, is in the United States. The 
Snake River drains about 49 percent 
of the portion located in the United 
States or about 108,000 square miles. 
Despite the fact that more than half 
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of its drainage basin would be clas- 
sified as semi-arid to arid, the Co- 
lumbia River has an average annual 
total discharge 10 times that of the 
Colorado River anu 2.5 times that of 
the Nile River (Pacific Northwest 
River Basins Commission 1979). 


With 13 mainstream dams and over 
100 dams on its tributaries, much of 
the variability in discharge rates 
has been eliminated. During the an- 
nual spring freshet, which typically 
peaks in June, the streamflow now 
rarely exceeds 600,000 cfs. Minimum 
flows usually occur in the fall with 
discharge rates rarely dropping be- 
low 150,000 cfs. The annual average 


streamflows are typically around 
200,000 cfs. Historically the ex- 
tremes have ranged from a high of 


1,240,000 cfs in 1894 to a low of 
only 65,000 cfs during an extended 
drought in 1931 (U.S. Army Corps of 
Engineers 1963). 


The extent of the Columbia River 
estuary is highly dependent on how it 
is defined. If one bases this def- 
inition on the extent of tidal influ- 
ence, the estuary could be said to e 
xtend over 100 miles inland. If, on 
the other hand, one utilizes the en- 
croachment of salt water to delineate 
the estuary, it would virtually dis- 
sappear during the spring freshet. 
For management purposes the Columbia 
River estuary has been defined as the 
first 46 miles of the river, which 
corresponds rather closely to the up- 
permost point of current’ reversal 
from tidal influence during periods 
of "normal" flow and is administra- 
tively easy to locate as it corres- 
ponds to the eastern most end of 
Puget Island (Figure 1). 

Using this definition, the Co- 
lumbia River estuary has a surface 
area of approximately 150 square 
miles, making it the ninth largest 
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Figure 1. Columbia River Estuary vicinity map. 


estuary in the United States. Roughly 
75 percent of the estuary lies in 
Oregon, the remainder in the State of 
Washington. Depths seldom exceed 60 
feet, and in the middle and upper 
portions of the estuary are usually 
less than 30 feet outside the main 
channel (Columbia River Estuary Study 
Taskforce 1979). 


Three zones have been identi- 
fied in this estuary by Sims (1970). 
The upper estuary, above Harrington 
Point, is predominantly fresh water 
but with daily tidal current rever- 
sals during most of the year. This 
zone also contains most of the is- 
lands which are found in the estu- 
ary. The middle estuary, located be- 
tween Youngs Bay and_ Harrington 
Point, is typically a zone of fresh 
and salt water mixing. The lower 
estuary, below Youngs Bay, is predom- 
inantly marine in character. These 
zones may have quite different salin- 
ity regimes than what was described 
accoraing to the freshwater inflows 
to the estuary. During periods of 
very high discharge there may be no 
detectable salinity inside the mouth 
of the river, while during periods of 
very low discharge fairly high salin- 
ities may be found in the upper estu- 
ary. During the drought of 1976- 
1977, the Coast Guard aids to naviga- 
tion maintenance team found acorn 
barnacles (Balanus sp.) attached to 
pilings far upstream as Pillar 
Rock. 


as 


THE CONFLICTS 


Although the Columbia River has 
a substantial total annual discharge, 
the discharge rate is characterized 
by large seasonal and annual varia- 
tions. During the summer months, when 


instream flows are dwindling, the 
greatest demands are placed on the 
system by its users. It is the com- 
bination of lowered flows and _ peak 


demands that creates conflict. 
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AGRICULTURE 


Agriculture in the Pacific 
Northwest ranks second only to forest 
products in regional economic impor- 
tance. Irrigation demands account 
for more than 90 percent of the re- 
gion's total water diversion and con- 
sumptive use (Pacific Northwest River 
Basins Commission 1979). Most of the 
presently, and potentially, irrigable 
land lies in the low rainfall areas 
east of the Cascades. With the high 
evaporation rates in this area, the 
estimated total annual water demand 
for irrigagation use is in excess of 
35 million acre-feet. Over 90 per- 
cent of the demand is met with sur- 


face supplies during the summer 
months. 
POWER GENERATION 

Hydroelectric power generation 


provides about 80 percent of the re- 
gion's electricity, with most of the 
remainder coming from thermal-elec- 
tric plants. About 60 percent of the 
generating capacity planned or under 


construction is also hydroelectric. 
Except for reservoir evaporation 
losses (which can exceed 36 inches 


annually east of the Cascades) hydro- 
power is generally considered a non- 
consumptive instream water use (Pa- 
cific Northwest River Basins Commis- 
sion 1979). The major impacts of hy- 
dropower operations on instream flows 
are (1) the smoothing, or reduction 
in variability, of discharge rates, 
and (2) the shifting of periods of 
high or low discharge to meet actual 
or anticipated power demands. 


Thermal-electric power genera- 
requires water principally for 
cooling. Water quality standards 
for discharge temperatures effec- 
tively preclude once-through cooling. 
is 


tion 


As a result evaporative cooling 
generally used and water use is al- 
most totally consumptive. A typical 


1,000 megawatt nuclear’ generating 
plant using existing technology will 
consume 15,000 to 20,000 acre-feet 
of water annually. 


NAVIGATION 


While only about three percent 
of the Nation's population lives in 
the Pacific Northwest, about six per- 
cent of the Nation's oceanborne com- 
merce moves through Northwest ports. 
The ports on the Columbia River sys- 
tem handled 43,776,000 tons of com- 
merce, or about 35 percent of the 126 
million tons of waterborne commerce 
moved in the region in 1975 (U.S. 
Dept. of Commerce 1975). 


The largest port on the Columbia 
River system, indeed the largest port 
in the Pacific Northwest in terms of 
total tonnage trans-shipped, is Port- 
land, Oregon. To provide access to 
this port for deep draft vessels, the 
U.S. Army Corps of Engineers main- 
tains a navigation channel in the 
Columbia River to a minimum depth of 
40 feet for a total of 118 miles. The 
Corps of Engineers also maintains a 
shallower navigation channel from the 
Portland area to Pasco on the Colum- 
bia River, and to Lewiston, Idaho, on 
the Snake River; a total of 465 miles 
from the mouth of the Columbia and 
with a total rise of about 740 feet. 
The need to maintain minimum depths 
for navigation places additional de- 
mands for instream flows on the sys- 
tem, particularly during low flow 
periods. 


FISHERIES 


Regional water management agen- 
cies have typically devoted more at- 
tention to the anadromous fisheries 
than to those for non-migratory spe- 
cies. This is due to the economic 
and recreational importance of these 
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fisheries, particularly the _ salmon 
and steelhead fisheries. Although the 
great Columbia River salmon runs 


(when millions of fish were harvested 
each year) are a thing of the past, 
there is still a substantial and very 
valuable fishery devoted to these 
fishes. Over eight million pounds of 
salmon and steelhead were landed from 
the Columbia River system in 1975 by 
the commercial fishery alone (Oregon 
Dept. of Fish and Wildlife/Washington 
Dept. of Fisheries 1976). 


The peak migration periods for 
the returning adult salmonids and the 
seaward-bound young, or smolt, in the 
Columbia River are spring, summer, 
and early fall. During the latter 
parts of this period the migrants 
must compete for reduced instream 
flows with the other water uses al- 
ready mentioned. Reduced instream 
flows result in a longer residence 
time for young fish with potentially 
greater exposure to predators and 
other hazards. For the returning 
adults the reduced flows may fail to 
trigger the upstream migration urge. 


COLUMBIA RIVER ESTUARY 


Considering the size of the 
estuary and its importance both en- 
vironmentally and economically to the 
Columbia River system, surprisingly 
little is known about its components 
and processes. In particular the re- 
lationship of freshwater inflows to 
the functioning of the estuary is 
poorly understood. Some of the ques- 
tions about these relationships which 
remain to be answered concern the ef- 
fects of variations of instream flows 
on anadromous fishes; the effects of 
reduced peak flows on the mechanisms 
where detrital material is flushed 
into the system; and the effects of 
instream flows on sedimentation rates 
in the estuary. 


MANAGEMENT APPROACHES 


The Pacific Northwest River 
Basins Commission (PNRBC) is an in- 
teragency regional water resources 


planning organization formed in 1967 
by Presidential Executive Order at 
the request of the governors of Wy- 
oming, Idaho, Montana, Washington, 
and Oregon, and in accordance with 
the provisions of the Water Resources 
Planning Act of 1965. A_ principal 
goal of the PNRBC is to prepare and 
keep up to date, to the extent prac- 
ticable, a comprehensive, coordinated 
joint plan (CCJP). The CCJP for the 
PNRBC was published as four volumes 
in 1979 (Pacific Northwest River 
Basins Commission 1979). 


As part of this process of de- 
veloping and maintaining a CCJP, the 
commission is authorized to conduct a 
Regional Tradeoffs Analysis Program 
designed to evaluate and document 
competition among various water uses 
and the economic, environmental, and 
social benefits and costs (tradeoffs) 
which would result from alternative 
levels of use for competing purposes. 
In June 1979, a work plan for con- 
ducting this Tradeoffs Analysis 
Program was approved by the commis- 
sion and preliminary investigations 
were commenced. To date the emphasis 
of the program has been to document 
and begin the analysis of three major 
competing uses--hydroelectric power 
production, streamflow for anadromous 
salmonid fish migrations, and diver- 
sions for irrigation. Those analyses 
are not yet sufficiently detailed to 
provide a suitable basis for water 
management decisions. 


Closely linked with the informa- 
tion needs for the Regional Tradeoffs 
Analysis Program will be the products 
from another commission program, the 
Columbia River Estuary Data Develop- 
ment Program (CREDDP). CREDDP is a 
100 percent federally funded special 
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study with a total budget of about 
$6.25 million. Although a small ap- 
propriation ($50,000) was made in the 
commission's FY78 budget for the pur- 
pose of developing a plan of study, 
the first major program activities 
began in FY79. The field research 
portion of the program began in Oc- 
tober 1979, and the final products 
will be available by the end of FY 
1984. Program participants include 
state and Federal agencies, universi- 
ties, and private organizations hav- 
ing demonstrated particular expertise 
in certain technical subjects. 

The purpose of this research 
program is twofold: to increase our 
understanding of the Columbia River 
estuary as a system, and to acquire 
information needed for land and water 
resource management decisions. In 
order to meet the information needs 
of a broad spectrum of interested 
groups as possible, CREDDP will pro- 
vide three types of products: (1) a 
descriptive and quantitative under- 
standing of the important estuarine 
physical and biological processes 
and properties, (2) a capacity to 
identify and predict the physical and 
biological results of alterations in 
stream flows and other’ estuarine 
modifications, and (3) certain spe- 
cific management-oriented products 
beyond those required by (1) or (2) 
which were identified early in the 
program planning process. The pro- 
gram's elements were divided into 26 
work units and a total of 28 separate 
contracts have been let for their ac- 
complishment. 


It can be anticipated that the 
inclusion of information developed in 
this interdisciplinary research pro- 
gram in the Regional Tradeoffs Anal- 
ysis Program will provide a_ solid 
basis for predicting the impacts of 
instream flows in the Columbia River 
estuary system. 
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ABSTRACT 


This paper begins by recognizing 
some of the considerable progress 
made by planners, scientists, and en- 
vironmental managers of the 1970's in 
identifying the uncertain and to a 
considerable degree unquantifiable, 
nature of bay/estuary ecosystems, and 
in offering improved prescriptions 
for their protection. At the same 
time, it observes--using San Francis- 
co Bay by way of example--that this 
progress in understanding theory and 
making prescriptions has been accom- 
panied by continued stressing of the 
bay systems and in some instances by 
their further deterioration. Finally, 
the paper merges scientific prescrip- 
tion with new institutionally bounded 
insights to suggest some initiatives 
to translate improvements in science 
and management theory into improve- 
ments in managing the San Francisco 
Bay/Delta ecosystem. 


INTRODUCTION 


An early signal for increased 
ecological emphasis in bays and fore- 
shores came from California, first 
through the activities of the Save 
San Francisco Bay Associatior, 1965 
to 1969, and later, in 1972, through 
the passage of Proposition 20--the 
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Coastal Zone Initiative. At a na- 
tional level, the National Environ- 
mental Policy Act (1970) followed 


the Clean Water Restoration Act of 
1966 and the Estuary Protection Act 
of 1968, and was itself followed by 
the National Coastal Zone Management 
Act of 1972. 


the 
culminating 


Signals came 
in Bill 
amended the 


In Canada, 
later--perhaps 
C-38, the act which 
Canada Fisheries Act in 1977. As 
with most signals, a considerable 
amount of effort took place prior 
to that time but, in essence, it 
was those signals, and others like 
them, that released a tidal wave of 
dollars and scientists upon bays, 
estuaries and other coastal features. 


In California, passage of the 
Coastal Zone Initiative, and of simi- 
lar protective legislation, repre- 
sented not as much a triumph of theo- 
retical construct, or of analytical 
procedure, as a reorienting of meta- 
physical (value) base. Neither sci- 
ence nor scientists were the moving 


force (Healy 1978). People «i ported 
the Initiative (Proposit: and 
other environmentally orieincea 2gis- 
lation of the 1970's, primariiy be- 
cause "things had gone too far"-- 
because they knew a river, bay or 


see 
and 


ocean was 


there, and couldn't 
becuase they could see it, 


it, because’ they 
could smell it, and it smelled bad, 
because they swam in it, and got 
rashes, because they ate fish from 
it, and got sick. Similarly in the 
Thames River in England, the Willa- 
mette in Oregon, the Great Lakes, the 


couldn't get to 


Mediterranean Sea (more recently), 
and so on. 

What this says--simp y put--is 
that science is both directed and 


constrained to a considerable degree 
by the values and perceptions of the 
society in which it lives. Such a 
pronouncement is not surprising for 
scientists are products of their 
society, and it has long been recog- 
nized that scientific endeavor has 
three basic components: (A) a phi- 
losophical basis of value (termed 
metaphysics); (B) a formal system 
of logic (termed theory); and (C) 
practical methods of observation, 
testing, verification and analysis 
(termed procedure). It is treatment 
of value (A), or more correctly non- 
treatment of it, by contemporary sci- 
ence in bays and estuaries that is at 
the heart of many bay-impact problems 
today. This paper attempts to ad- 
dress that problem with specific ap- 
plication to San Francisco Bay (Meyer 
1980b). 


THE RUSH THAT FOLLOWED 


Predictably, 
bling legislation, 
of significant amounts of monies, 
was accompanied by an expanded in- 
terest in the ecology of bays, es- 
tuaries and foreshores by both the 
bureaucrat and the scientist. Typ- 
ical of early work is "The Water's 
Edge" by Ketchum et al. (1972) in 
the United States, and in Canada 
"Management of Coastal Resources in 
British Columbia" (BCLRSC 1977). The 
four volume compendium of proceedings 


passage of  ena- 
and the provision 
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volume compendium of proceedings from 
the Coastal Zone '78 Conference held 
in San Francisco provides testimony 
to both the breadth and diversity of 


interest/effort in coastal areas 
toward the end of the 1970's. Three 
general trends, at least, seem ap- 


parent during the 1970s. 


First, at an institutional lev- 
el, efforts were made to enhance co- 
operation and coordination between 
the many agencies and entities with 
jurisdiction and/or interest in bays 
and, more generally, along foreshores 
and coastlines. Commissions, coun- 
cils, study teams, etc., were formed 
and have now been active in this re- 
gard for some years. Second, fueled 
by scientists in agencies, universi- 
ties, etc., there was a strong move 
to understand bay systems. While 
this effort involved some theoretical 
development (B), it seems primarily 
to have been procedural (C) in na- 
ture. Science seemed primarily in- 
volved in observing, inventorying, 
and describing the constituents of 
bay systems, or systems' reactions to 
exogenously generated impact. Where 
theory was applied, it was most often 
theory developed es post facto for 
the study of earlier terrestrial or 
aquatic events. This is not surpris- 
ing either, for science and bureau- 
cracy traditionally both advance from 
what-we-know toward what-we-don't- 
know, sometimes in lockstep. Third, 
a consistent cry from bureaucrat and 
scientist alike during the 1970's was 
"we need to educate the public'’--not- 
withstanding the public origins of 
the enabling legislation. This opin- 
ion seemed founded on the assumption 
that public understanding of the im- 
portance of bays and estuaries was a 
key to obtaining ecologically sensi- 
tive management and protection mea- 
sures. 


considerable 
and 


In 
tion, 


sum, 
understanding, 


coopera- 
education 


has taken place during the past de- 
cade. Sparked by an aware public, 
dedicated individuals, imaginative 
programming, and better budgets, ca- 
pability in all three targeted areas 
(e.g., A, metaphysics; B, theory; and 


C, procedure) has advanced impres- 
Sively. Yet the question must be 
asked: why is bay ecological deteri- 


Oration continuing? Or, if we are 
doing so much better why are we doing 
so much worse? (Meyer 1980b) 


San Francisco Bay provides an 
example worth analysis, because many 
historians hail the Save the Bay 
movement of the 1960's for bringing 
on the coastal zone management of the 
1970's in California at least. 


SAN FRANCISCO BAY AND THE 


ENVIRONMENTAL 1970's 


As far as long term protection 
is concerned, the 1970's came and 
went without any improvement in San 
Francisco Bay's situation. If any- 
thing, it worsened. Definitely it 
worsened as far as freshwater inflow 
is concerned. 


The 1970's started promisingly 
enough with the Porter-Cologne Act 
for water quality, the California En- 
vironmental Quality Act (CEQA), the 
National Environmental Policy Act 
(NEPA), and the Federal and state 
coastal management and clean water 
programs mentioned earlier. But they 
ended with the recommendations of the 
Governor's Commission to Review Water 
Rights being ignored; with an histor- 
ic water right determination giving 
the bay no interim flows; with a 10- 
year Delta and Suisun Marsh water 
quality control "plan" that contains 
only token studies of the bay's 
needs, funded by upstream users; with 
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researchers finding that 50 percent 
of the bay's adult striped bass pop- 
ulation suffer from parasitism, 
lesions or other physiological prob- 
lems; with the once famous Bay-Faral- 
lons Dungeness crab fishery in its 
19th straight year of decline; and 
with the Peripheral Canal and the San 
Joaquin Valley drain each one decade 
closer to being operating realities 
for the already intensively developed 
Sacramento-San Joaquin River system 
(Davoren 1980). Then the 1980's 
Started ambitiously, with Governor 
Jerry Brown signing SB 200 authoriz- 
ing the Peripheral Canal and other 
projects on July 18 costing between 
$5 and $10 billion. 


Farther upstream, not to be out- 
done, the renamed Federal Water and 
Power Resources Service (WPRS) closed 
out the 1970's promoting a post-year 
2000 program to enlarge Lake Shasta 
by 350 percent. The water yield 
would come from capturing the unregu- 
lated flood flows that now flush the 
bay-delta--rarely, as in the winter 
of 1979-80--and carry nutrients and 
sediments to the ocean. The addi- 
tional water would be used primarily 
for irrigation, which meets the his- 
torical interpretation of the state's 
beneficial use laws more appropriate- 
ly than simply leaving it in the riv- 
er for fish and other instream and 
estuarine purposes. Also in 1980, 
WPRS entered its 13th year of nego- 
tiations with the operators of one of 
the Nation's youngest, but largest, 
reclamation projects--the Westlands 
Water District. The task here is to 
convert annual contracts into long 
term contracts to: (1) establish the 
district's basic San Luis project en- 
titlements, plus additional water the 
district believes it needs or is en- 
titled to, and (2) to start construc- 
tion planning for the San Luis (proj- 
ect) drain. 


These two Federal projects, and 
many others existing and proposed, 
are affected by the Carter Adminis~ 
tration's 1978 proposal to reautho- 
rize the Central Valley Project (CVP) 
A major purpose of the reauthoriza~ 
tion is to make it possible--fiscal- 
ly, legally and operationally, as 
well as politically--for the Secre- 
tary of Interior and WPRS to meet the 
delta water quality standards set by 


the State Water Resources Control 
Board (CWRCB 1978b,c). The reautho- 
rization should also settle some 


longstanding arguments about the Fed- 
eral Government's responsibility for 
repelling saltwater intrusion in the 
delta (MacDiarmid 1976), which has 
been going on since 1957, and should 
expand the CVP's basic project pur- 
poses to include meeting fish and 
wildlife needs of the Central Valley 
(somehow overlooked since 1937). 


All the 
decisions mentioned 
section somehow impinge 
water flowing from the embattled 
Delta to San Francisco Bay, either 
its quantity or its quality or both. 
In contrast to the delta, and Suisun 
Marsh since 1978, there are simply 


studies, projects and 
in the previous 
upon the 


no flow or salinity standards to 
assure the bay's inflows from the 
delta. The delta's flows to the 
bay have been reduced 60 to 70 per- 
cent by upstream water use, by in- 
basin bypasses, and by exports from 
the Sacramento-San Joaquin’ system 


to the Southern San Joaquin Valley, 
Kern County and Southern California 
(Davoren 1980). 


There is no physical or legal 
limit to further reductions of delta 
outflow. There is continuous politi- 
cal and economic pressure for more 
upstream development and more exports 
There is no interim or minimum fresh- 
water inflow protection for the bay 
now, despite the fact that the San 
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Francisco Bay-Delta estuary is the 
largest and most valuable estuary on 
the West Coast of the contiguous 48 
states (Conomos 1979; Seckler 1971; 
Hedgpeth 1979). Freshwater inflow is 
vital to the bay's biological, physi- 
cal, chemical and hydraulic processes 
(Conomes 1979; Goldman 1979; Fischer 
et al. 1977; McCulloch et al. 1970). 


THE METERED BAY TODAY 


San Francisco Bay must depend 
upon the delta for 90 percent of its 
natural freshwater inflows from all 
sources. A useful question then, 
after 130 years of upstream water de- 
velopment and diversions and 29 years 
of pumped exports (Storm 1970), is 
"How much is left for the bay today?" 
Before any significant development 
upstream, say in 1850, rain and snow- 
fall in a normal weather year pro- 
vided flows of 30 to 31 million acre- 
feet (MAF) to the delta from the 
59,000 square miles of the Central 
Valley basin. What got to the delta 
also got to the bay, minus evapora- 
tion and evapotranspiration, but in a 
far different manner than it gets to 
the bay today. Then the delta was a 
vast tangled marshland. Today it is 
60 major leveed islands, hundreds of 
smaller islands, a small inland sea 
due to a drowned island, and 700 
miles of navigation channels, sloughs 
and waterways. 


Today the mythical normal wea- 
ther year cited earlier brings to the 
bay only 9-12 MAF, possibly less (es- 
timates vary). In the record drought 
year of 1977, only 3.5 million acre- 
feet reached the bay. But even this 
important benchmark number is esti- 
mated, not measured, by the Delta 
Outflow Index (DOI). The DOI was de- 
veloped by the Water and Power Re- 
sources Service, formerly the Bureau 
of Reclamation, and the Department 


of Water Resources. It has been used 
by these two agencies since 1969 in 
joint operations studies, and has be- 
come the empiric number on delta out- 
flow. Today it is used in delta stan- 
dards setting and for other regula- 
tory and technical purposes~~-although 
it is known to be weakest statisti~ 
cally in the wet and dry years when 
river regulation for ecological pur- 
poses is most critical (Davoren 
1980). 


The water development projects 
being planned today, primarily spon- 
sored by the Federal and state water 
development and operation agencies 
(WPRS and DWR), will extract another 
3 to 5 MAF per year, maybe more, from 
the flows reaching the bay year 2000. 
This brings the planned normal year 
range of delta outflow to the finger- 
counting stage of 4 to 10 MAF per 
year. 


What happens to the bay in such 
a scenario is not known. Studies of 
this began in January 1980. Even the 
projections of the Department of Wa- 
cer Resources (presumably on the con- 
servative side favoring more develop- 
ment, since the SWP is still short of 
delivering 2 MAF of the contract ob- 
ligations DWR assumed originally to 
finance SWP constrution) place the 
outflow at Year 2000 level of devel- 
opment at less than 10 MAF in 60 per- 
cent of all years. DWR's key docu- 
ment on delta outflow, (CDWS 1978a) 
sums up San Francisco Bay's present 
outlook as follows: 


"In summary, there are yet no spe- 
cific salinity or delta outflow re- 
quirements for the Bay complex west 
of Suisun Bay that apply to the 
operation of the SWP or CVP. This 
is not to say there will be no 
freshwater inflow to San Francisco 
Bay. Controlled delta outflow to 
protect designated beneficial uses 
in the delta and Suisun Marsh will 
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constitute a major source of inflow 
to the San Francisco Bay. Moreover, 
substantial unregulated flows in 
excess of flows for designated uses 
will continue in all but the driest 
years. These flows are estimated 
to average 11.6 cubic kilometers 
(9.4 million acre-feet) per year 
under year 2000 condition: The 
SWRCB plans to adopt guidelines for 
their preservation pending determi- 
nation of specific needs." 


Thanks to 19 years of study by 
the water development, regulatory 
and fish and wildlife agencies, the 
delta's prospects are more in focus, 
described in Bulletin 76 (CDWS 1978a) 
as follows: 


"The overall net water requirements 
in the delta include internal con- 
Sumptive uses and net delta outflow 
for controlling salinity to protect 
agricultural, municipal, indus- 
trial, and fish and wildlife uses. 
Under the recommended plan, water 
necessary to meet these require- 
ments will vary from about 4.9 
cubic kilometers (4 million acre- 
feet) in a critical year to about 
8.3 cubic kilometers (6.7 million 


acre-feet) in a wet year. As an 
area of origin, the delta under 
California law has priority to 


available water to meet these needs 
before water is exported." 


Through estimates of what's left 
in the river for the bay may vary, 
and the actual flows are not really 
known, there is no doubt about the 
trend. The trend has been down for 
80 years and is still pointed down, 
resolutely. If only 30 percent of 
the bay's inflow from the Sacramento- 
San Joaquin remains today it is cer- 
tain that this will be reduced more, 
to only 10 or 15 percent of that ori- 
ginal normal weather year flow, by 
the year 2000. 


SAVING THE BAY ONCE, TWICE, THRICE? 


Not only did the bay continue 
to suffer inflow losses during the 
1970's, it also witnessed no gains in 
the bay fill and shoreline control 
programs that brought BCDC its fame 
in 1969. San Francisco Bay was not 
included in the more rigorous re- 
quirements of Proposition 20, applied 
to the coast from 1973 to 1976, nor 
in the 1976 California Coastal Act. 
Conservationists of 1972 did not want 
to place the bay program in the hands 
of the voters in 1972, nor in the 
hands of the legislature in 1976. 


BCDC continues today in its 
avuncular role: older and wiser but 
with only the same patchwork control 
program its advocates won from the 
legislature and Governor Reagan in 
1969. Except for the addition of 
Suisun Marsh in 1977, and some dis- 
puted authority over Federal actions 
through the Federal Coastal Zone Man- 
agement Act, it has not garnered any 
new authority to deal with appli- 
cants, local jurisdictions, Federal 
development agencies or other state 
agencies. The weakness of BCDC's 
shoreline and wetlands controls is, 
perhaps, its most striking contrast 
with the more modern and pervasive 
approach of the California Coastal 
Commissions. 


In an analysis done in 1978, 
one of the authors concluded that 
BCDC has effective land use control 
over only 26.6 percent of the bay's 
Shoreline. This figure includes the 
areas within the so called Designated 
Priority Use category of the approved 
1969 plan. BCDC's permit control in 
the remaining 73.4 percent of the 
bay's shoreline computes as follows: 
Tidal Marsh and Undesignated shore- 
lines shown in the plan, permit con- 
trol over a 100-foot wide band but 
good only for requiring public ac- 
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cess, 25 percent; Saltpond-Managed 
Wetlands, with permit control only 
covering the bay-facing first dike, 
15.1 percent; "Certain Waterways," 
where contro! applies only to mean 
higher high water (MHHW) or to five 
feet above mean sea level (MSL), 33.3 
percent. The study did not attempt to 
measure the shorelines of upstream 
portions of local tributaries, which 
are totally excluded from BCDC permit 
control, or the Suisun Marsh area 
added to BCDC's jurisdiction in Sep- 
tember 1977 (Davoren 1978). 


BAY POLLUTION CLEANUP 


The only net gain for the bay in 
the 1970's, then, was cleaning up the 
Bay Area's municipal and industrial 
discharges into it. After rather in- 
effectual starts, in the 1950's with 
the SERL studies and the 1960's with 
the Kaiser Engineers Reports, the 
Federal, state and regional water 
quality control programs began having 
useful impacts in the 1970's. All 
Bay Area municipalities will have 
facilities capable of meeting current 
waste discharge requirements by 1986 
(Eastman 1979). 


However welcome this develop- 
ment, which got underway seriously 
only with passage of the Federal 


Clean Water Restoration Act of 1966, 
it must be seen as the result of ap- 
plying national and state water qual- 
ity improvement programs to the Bay 
Area rather than the result of a bay 
centered program rising from the en- 
demic needs of the bay itself. But 
the results to date, and yet to come 
when the belated, massive City and 
County of San Francisco sewage con- 
struction program is resolved, pro- 
vide a crucial advance in the process 
of requiring permanent, beneficial 
maintenance of San Francisco bay's 
values. 


THE VIEW 40 YEARS BACK 


Looking back over the 1970's, 
the 1960's, the 1950's, and the 19- 
40's, it is sad to conclude that the 
Save the Bay effort of the Sixties 
remains the only deliberate attempt 
of the past 40 years (1) to under- 
stand the bay's ecological and sys- 
temic needs, at least partially, and 
(2) to devise ways and means to pro- 
tect the bay for the intrinsic values 
the bay itself offers to present and 
future generations. Other than the 
BCDC experience, circa 1965 to 1969, 
altruism on the bay is dead and has 
been for a long time. 


The driving force behind all 
other appraisals of the bay's biophy- 
sical limits, its hydraulic or chemi- 
cal properties, or of its economic, 
social or legal values, can be traced 
directly to a project, a policy, an 
agency mission, or a public or pri- 
vate proposal to use, change or abuse 
the bay in some way. 


The two newest studies of the 
bay, one that started in January 1980 
and the other getting started this 
year or next, follow this well-estab- 
lished tradition. Both are required 
by the State Water Resources Control 
Board, both represent long overdue 
technical efforts, and both theoreti- 
cally have the welfare of the bay as 
a major purpose. However, both are 
being paid for and nominally produced 
by the two basic classes of water 
users that most seriously impact the 
bay. These are: (1) the two major 
diverting agencies upstream, the De- 
partment of Water Resources and the 
Water and Power Resources Service; 
and (2) the 90 or so municipal and 
industrial dischargers to the bay. 


The first is to determine how 
much water the two agencies can or 
should leave in the system to pro- 
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tect the bay's ecological needs, 
and its beneficial use entitlements 
if any, per Water Right Decision 1485 
(CWRCB 1978a). The second is to de- 
termine the relationships between 
delta outflow and discharges to the 
bay, and vice versa. Obviously, 
both classes of bay users have a 
strong (A) metaphysical or value 
interest in keeping their obliga- 
tions to the bay at a minimum. De- 
finitive results from both studies, 
presumably, should be available in 
August 1986 when the State Board 
begins two years of hearings to de- 
termine if and how much delta out- 
flow the bay is to receive as a mat- 
ter of right. But, in both cases, 
the biophysical needs of the bay 
will likely be integrated into the 
decisionmaking functions of the 
water management agencies not as an 
objective but as a constraint on 
other (project) purposes. 


Another current study with (A) 
metaphysical or value relationships 
to the bay is the $2 million Bay 
Area Water Reuse Study now sliding 
noiselessly from Phase One to Phase 
Two. This is an economic and engi- 
neering feasibility investigation, 
managed by CH2M Hill (1979), to de- 
termine if the now-cleaned-up water 
flowing to the bay from 31 municipal 
outfalls--530 million gallons per 
day--can be captured for some benefi- 
cial use somewhere else. There is 
also a Central Valley regional group 
tied into the study, interested in 
using the water there for irrigation 
instead of letting it flow, waste- 
fully, into the bay. Potentially, 
about 500,000 acre-feet of reuse wa- 
ter is involved. 


The benefits, if 
this water in the bay 


any, of leaving 
are not as easy 


to compute as crop yields in the 
valley, so this has not been anal- 
yzed. Using the reclaimed water for 


high-minded but low-pay purposes such 


as bayside marsh restoration has a 
hard time competing in the real 
world. However, another real world 
reality, rising energy costs, indi- 
cate the water may have to be left 
in the bay, or Bay Area, rather than 
being pumped elsewhere for some rec-~ 
ognized beneficial use. 


A NEW PLANNING PREMISE FOR THE BAY 


In the authors' view, San Fran- 
cisco Bay's destiny has been drift- 
ing for at least a decade and a new 
basis for determining the bay's fu- 
ture must be installed. In the con- 
text of earlier comments, the bay's 
scientific effort to date has been 
relatively competent on (C) proce- 
dural levels but has not addressed 
(B) theory sufficiently and_ has 
been totally deficient in the (A) 
value category. More specifically, 
a better targeting procedure for 
bay research would seem to require 
as a first premise more attention 
to the metaphysical basis underlying 
research efforts with respect’ to 
freshwater inflow. In the case of 
San Francisco Bay, for example, the 


alternative metaphysical premises 
could be: 
Bs It is desirable to divert and 


export as much water as we can 
out of the Sacramento-San Joa- 
quin Bay-Delta system. 


2. It is desirable to maintain the 
soundness of San Francisco Bay 
to support a variety of social, 
ecological and economic activi- 
ties. 


3. It is desirable to leave all 
remaining natural attributes of 
San Francisco Bay untouched and 
limit further man-generated im- 
pact upon them. 


Each metaphysical premise will 
have a profound and differentiated 
impact on the way science proceeds 
in the bay. Alternatively, where 
metaphysical premise is lacking, or 
poorly defined, science's ship may 
find itself sailing in ever-tight- 
ening circles, or locked in irons 
with its sails askew. 


The authors thus’ recommend a 
full treatment of San Francisco Bay 
by science, including its metaphys- 
ical aspect. Acceptance of meta- 
physics, or human value, as a basic 
ingredient of scientific procedure 
in bays has an immediate secondary 
implication for implementive strat- 


egy: 


By systemic treatment of impact 
sources as well as effects, it fa- 


cilitates re-emphasis of research 
from description to prediction 
goals. 


Some level of description is of 
course, necessary for’ prediction. 
But the nature of research conduct- 
ed will be quite different depending 
on what level of importance is as- 
signed to each of these two goals. 
In the case of the bay-edlta, cer- 
tainly more is needed than the nume- 
rology that has comforted the tech- 
nicians on one hand and the politi- 
cians on the other in the past~-~-such 
as the delta Outflow Index, the 
Striped Bass Index, Relative Tox- 
icity, and Species Diversity. 


scientific procedures 
take time--usually measured in 
years or decades--it is essential 
that they deal as much as possible 
with future requirements rather 
than past events. The widening gap 
between knowledge about environmen- 
tal systems and the rate of man/ 
technology impacts upon those sys- 
tems has been demonstrated by Bella 
(1974). In San Francisco Bay's 


Because 


case it seems more critical to know 
what impacts will and will not be 
felt by the bay over the next 5 or 
15 years than what has happened to 
it over the past 100 years. Yet 
such a targeting mechanism does not 
exist, or is left to an essentially 
adversary contest between interest 
advocates and/or their associated 
agencies. A cohesive futures plan- 
ning mechanism, that focuses not on 
particular interests but on _ the 
continuing capability of the bay 
to service both ecology and man, 
would seem an important step in that 
direction. A scientific perspective 
that can systematically deal at a 
theoretic level with known and un- 
knowns, and that can both describe 
and predict, will be required. 
Time is not available here to de- 
scribe the constructs of such theory, 
described elsewhere by one of the 
authors (Meyer 1980a,b), and 
others (Bella 1974, Neurath 1973, 
Haskell 1896). Development should 
not be expensive, but will require 
two ingredients familiar to. sci- 
ence--hard work and continuity of 
effort. 


The Fish and Wildlife Service 
has devloped one approach for a Bay 
Institute to sponsor and perform the 
bay-centered research and development 
functions described here (Davoren and 
Meyer 1980). 


Science and scientists have an 
impressive and expanding record of 
increasing knowledge of bay systems. 
Evaluated on that track alone, they 
seem as well conditioned as_ our 
best Olympic athletes. But if de- 
termined to run the uncertain and 
even more demanding course’ toward 
future decisions affecting San 
Francisco Bay, they will need not 
only their conditioning but a sense 
of direction and a_ better map. 
Neither is very expensive, but both 
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will require new and_= continuing 
effort. Failure to provide’ such 
tools, on the other hand, offers 


a real potential for misjudging the 
finish line--or, even more likely, 
being unable to find the starting 
line. 


DISCUSSION 


Question: Dick Baily, Department 
of Housing and Urban Development: How 
are you going to document the meta- 
physical needs? 


Answer: Well, why don't you pick 
up something I haven't laid out, but 
I'll be glad to give it to you. It's 
called discussion paper Number Two. 
It's on the nuts and bolts of how we 
would intend the institute to func- 
tion. We would have two bay forums 
and a development program going on. 
And once we get the problem well 
identified with the need to document 
metaphysical and other values, we 
think the process would begin taking 
on a momentum of its own, derived 
from all the interested sectors of 
the bay. The techniques for doing 
that are more my partner's category 
than mine. See his publications for 
details (Meyer 1978, 1980a, 1980b). 
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ABSTRACT 


The river continuum concept sug- 
gests that a natural river system, 
from headwaters to estuary, can be 
considered a gradient of process 
zones ranging from a strongly 
detrital-based system in headwater 
streams to a seasonal, or perhaps 
annual, autotrophic regime in moder- 
ate-sized streams and then, a gradual 
return to predominately heterotrophic 
processes in large river systems. The 
structural and functional properties 
of stream communities tend to be se- 
lected to conform to the dynamic pat- 
terns of physical energy expenditure 
and the most probable physical state 
as proposed by fluvial geomorpholo- 
gists. Each stream reach along the 
continuum has local inputs in the 
form of light energy and particulate 
material from the terrestrial land- 
scape and the partially processed ma- 


terials transported from upstream 
reaches. Particle size of organic 
material in transport becomes pro- 


gressively smaller as it passes down 
the continuum and biotic communities 
structured on the transport system 
become progressively more efficient 
in processing smaller particles to- 
wards downstream areas. Consumer com- 
munities in rivers are considered to 
be structured by (1) local inputs, 
autochthonous and allochthous; (2) 
materials in the transport system and 
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(3) gradients in fluvial geomorphic 
processes throughout the drainage 
network. 


INTRODUCTION 


The objecti\= of this paper is 
to provided review and elaboration of 
the River Continuum Concept (Vannote 
et al. 1980). This concept suggests 
a theoretical construct for a natural 
river drainage system for identifying 
and interpreting: (1) natural gra- 
dients in the quantity and quality 
of organic inputs to reaches along 
the river ecosystem; (2) strategic 
patterns evolved by consumer assem- 
blages for processing organic energy 
available to the river system; and 
(3) process efficiencies associated 
with the utilization of energy inputs 
throughout the continuum. 


The river continuum concept 
Suggests that structural and func- 
tional characteristics of biotic com- 
munities are uniquely adjusted and 
largely regulated by gradients in 
fluvial geomorphic’ processes. The 
physical processes are determinates 
of channel geometry and define the 
rate of kinetic energy expenditure 
per unit of channel] length. 


REGULATION BY THE PHYSICAL 
AND GEOLOGICAL 


SYSTEM 


streams flow down mountain 
across valley floors, and 
subsequently to estuaries and the 
ocean, great amounts of potential 
energy are dissipated in turbuleuce 
along the bed of stream, against 
stream banks, and in falls and rap- 
ids. Energy is also dissipated in 
the transport of sediment and debris. 
Geomorphic concepts, progressively 
developed and reported by Leopold 
and Maddock (1953), Leopold and Lang- 
bein (1962), Langbein and Leopold 
(1966), and Scheidegger and Langbein 
(1966) theorize that stream systems 
tend toward an equilibrium condition 
by achieving a balance between the 
rate and uniformity of energy expend- 
iture throughout the stream channel. 
This balance in the use of energy is 
achieved by internal adjustments in 
channel geometry that include such 
factors as width, depth, slope, sedi- 
ment transport, bed shear, and fric- 
tion. 


As 
slopes, 


MOST PROBABLE STATE 


The theory that river systems 
tend to achieve an equilibrium con- 
dition led to the idea that streams 
proceed toward a most probable phys- 
ical state throughout the drainage 
network (Chorley 1962). Thus, the 
river network is viewed as represent- 
ing an efficient form for transport- 
ing variable quantities of water and 


sediment. A change in the rate of 
sediment or water input is rapidly 
accommodated by adjustments in hy- 


draulic properties so as to minimize 
the change in channel geometry (Leo- 
pold and Maddock 1953). 
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The river continuum hypothesis 
Suggests that biotic communities that 
develop in river reaches may simul- 
taneously achieve a most probable 
state with respect to their structure 
and function, analogous to the "most 
probable" concept for fluvial proces- 
ses of the physical system. Both the 
structural and functional properties 
of biological communities are viewed 
to shift rapidly and in parallel with 
changes in the way the physical sys- 
tem spatially or temporally redistri- 
butes its use of energy. These bio- 
logical changes may be observed to 
occur gradually along the river chan- 
nel as the drainage basin enlarges, 
but may also occur in localized areas 
following watershed disturbance and 
resultant alteration of energy and 
nutrient inputs. 


To examine and interpret spa- 
tial shifts in the distribution of 
kinetic energy of flowing water sys- 
tems, basic organic energy inputs, 
and resultant gradients of communi- 
ties through river networks, a stream 
Classification model used by fluvial 
geomorphologists is adapted. In this 
discussion, the stream order classi- 
fication originally developed by Hor- 
ton (1945) and subsequently modified 
by Strahler (1957) has been used. 
Within a given physiographic province 
or division, stream order is related 
with considerable precision to the 
number of tributaries of given stream 
order, channel length, watershed 
area, and discharge (Leopold et al. 
1964; Shreve 1966; Flint 1974). 


LANDSCAPE INTERACTIONS 


Energy and material budgets of 
small upland tributaries are _ pro- 
foundly regulated by terrestrial sys- 
tems. Low order streams are highly 


dispersed through watersheds and col- 
lect, process, and convey products 
shed from the landscape. Structural 
and dynamic properties of headwa- 
ter reaches are highly sensitive to 
change, responding almost immediately 
to altered inputs of light, sediment, 
nutrients, and changes in runoff 
rates. Vegetative shields on ter- 
restrial landscapes are critical in 
regulating the supply of sediments, 
nutrients and water to the channel 
(Likens and Bormann 1974; Vitousek 
and Reiners 1975). Evaluated on the 
basis of stream length, first- and 
second-order streams collectively ex- 
ceed 75 percent of the total length 
of U.S. streams (Figure 1) and func- 
tion as a critically important link 
in the continuum as sources of nutri- 
ents and organic material to larger 
streams. 


THE NATURAL RIVER SYSTEM AS A 
CONTINUUM 


Natural stream ecosystems are 
comprised of assemblages of organisms 
that are structured through an order- 
ly process of successional phases of 
community development. They have 
achieved a homeostasis of structure 
and function within the limits im- 
posed by the physical system (Odum 
1969). The stream system, with its 
hierarchy of drainage networks is a 
highly open system receiving substan- 
tial inputs of reduced carbon com- 
pounds (soluble and particulate) pro- 
duced in terrestrial systems. Small, 
low-order streams that flow through 
forested watersheds are dominated by 
the processes and efficiencies’ of 
biological and geochemical cycles of 
the forest. River process zones and 
the structure of communities. in 
stream systems shift spatially in re- 
sponse to the degree that terrestrial 
vegetation affects inputs of light 
aud particulate organic matter. 
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Stream ecosystems form a con- 
tinuum from headwater tributaries t 
downstream rivers and_ estuaries. 
Both dendritic and trellis river sys- 
tems can be considered a continuum 
of process zones, and the attendant 
communities can be characterized by 
gradients in the qualitative proper- 
ties of organic inputs along the sys- 
tem. Principal biological process 
zones of a natural river continuum 
are shown in Figure 1 as a schematic 


overview. Extending from headwaters 
to the mouth, this’ hypothetical 
drainage system includes’ twelve 


stream orders, indicated on the dia- 
gram as an geometrically decreasing 
scale in order to reflect the dis- 
proportionately large number. of 
smaller streams. Superimposed on 
this stream gradient are principal 
process zones characterizing rela- 
tive degrees of heterotrophy and 
autotrophy along’ the continuum. 
Width of process zones is approxi- 
mately proportional to the amount 
of organic energy provided at that 
point on the continuum. 


Along headwater tributaries 
and low-order valley streams (orders 
1-3), channel widths are sufficient- 
ly narrow to permit a closed forest 
canopy. The interception of sun- 
light limits autochthonous production 
(e.g., about 0.2 percent of the or- 
ganic budget of Bear Brook; Fisher 
and Likens 1972, 1973) with the re- 
sult that forest-dominated stream 
systems are strongly heterotrophic. 
In excess of 75 percent of the energy 
base of low-order streams is common- 
ly derived from terrestrially pro- 
duced organic matter, including tree 
limbs, twigs, leaves and needles, 
and soluble organics. The impor- 
tance of large particulate detritus 
to stream function has been widely 
demonstrated (Minshall 1967, Hynes 
1970, Kaushik and Hynes 1971; Mac- 
Kay and Kalff 1973, Sedell et al. 
1974, Cummins 1974, among others). 
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Figure 1. (A) Schematic overview of a hypothetical river drainage system located in a mesic deci- 


duous forest region showing gradations of principal process zones from the forested headwater tribu- 
taries to intermediate autotrophic zones and the fine particle sediment and water column process zones 
in the large river system. Stream order is indicated on a ratio scale. River width (meters) is pro- 
portional to stream order. (B) Trajectories of percent incident light reaching the stream surface 
and the substrate level along the river continuum. The river reaches where autotrophic processes may 
dominate (P/R >1) is estimated as a function of decreased canopy shading and silt-transport in down- 
stream high order rivers. (C) The estimated percent of total length of streams of various orders in 


the contiguous United States. 
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Autotrophic processes’ gradual- 
ly increase toward mid-order (4-8) 
Stream reaches since as tributaries 
unite, channels widen the gradual 
separation of the forest canopy per- 
mits an increased input of solar 
energy. In response, autotrophic 
processes become progressively more 
important in sustaining energy flow, 
and the ro‘e of local detritus input 
diminishes. Mid-order streams (or- 


ders 3-6) may develop autotrophic 
zones, where, at least seasonally, 
the gross photosynthesis may exceed 

munity respiration (P_/R_ > 1). 


Along natural river courses; with in- 
tact riparian vegetation, autotro- 
phic zones are confined to reaches 
where stream width exceeds about 10 
m, although upstream extension (Min- 
shall 1978) may occur’ seasonally; 
for example, prior to leaf formation 
and after autumn leaf fall. 


Mid-order segments of the con- 
tinuum encompass stream sites having 
the greatest potential for production 
of rooted aquatic macrophytes (Figure 
1). Macrophyte production (e.g. Elo- 
dea, Vallisneria, Potamogeton) repre- 
sents a form of temporary storage be- 
cause of limited consumer grazing. 
During autumn die off, many species 
of aquatic macrophytes are rapidly 
decomposed by microbial invasion and 
disintegrate into fine particulate 
detritus. This autochtonous source 
of fine particulate material may pro- 
vide an important food base for both 


mid-sized and large rivers. Orga- 
nisms adapted to process’ coarse 
particulate material (invertebrate 


shredders) are generally rare or ab- 
sent in midorder streams, presumably 
because of diminished inputs and re- 
tention capacity of larger streams. 
Failure to adapt to thermal patterns 
characteristic of mid- and _ large- 


order streams may also be a factor 
contributing 
activity. 


to reduced shredder 


On large rivers (orders 9 to 12) 
there is tendency for the system to 
return to predominantly heterotro- 
phic processes (Figure 1). Benthic 
photosynthesis is often greatly re- 
duced due to increased water depth 
and turbidity reducing the amount 
of light reaching the stream bottom. 
As a result, large rivers may return 
to a heterotrophic status and become 
strongly dependent upon transport of 
the algae and fine particulate mate- 
rials produced and partially pro- 
cessed by upstream communities. Dom- 
inant biologic processes are asso- 
ciated with the water column, and 
fine organic particles in sediments 
(Mann 1972). Fine particulates in 
sediment and transport are consi- 
dered a major energy base for the 
large river community. 


Flood plains and swamp _hard- 
wood forest bordering large rivers 
are postulated to provide an impor- 
tant subsidy of partially processed 
fine particulate detritus. This 
flocculent material generated from 
forest debris may be captured by 
rivers during the annual flood and 
withdrawn into the channel by return 
flows. Large-order streams frequent- 
ly are low gradient, have broad low- 
relief flood plains, and are common- 
ly bordered by swamp or bottomland 
forest that are inundated by annual 
floods. During inundations, coarse 
particulate organic materials, sand 
and silt are entrained; during re- 
cessional stages, return flows may 
carry substantial energy subsidies 
consisting of soluble and fine par- 
ticulate organic material. The floc- 
culent fine particulate matter has 
a low specific gravity and is highly 
prone to suspension. Major contri- 
butions to rivers may be associated 
with localized or regional storms 
that purge the bottomlands but are 
not of sufficient geographic extent 
to elevate river. stage. Rivers 
transversing extant coastal plains 


and delta areas, often inundate bot- 
tomlands for extended periods thus 
allowing direct biotic interexchanges 
with the swamp forest ecosystem. 


CONTINUUM OF ORGANIC INPUTS 


Estimates of particulate organ- 
ic-matter inputs along the continuum 
of a twelfth-order drainage system 
are partitioned into most probable 
sources (Figure 2). Trends projected 
beyond fifth-order streams are based 
on limited data and theoretical pro- 
jections because few studies of this 
nature have been made on large rivers 
(Mann 1975). It is questionable, 
however, whether a sufficiently nat- 
ural stream exists for obtaining mea- 
Surements on a drainage larger than 
fifth- or sixth-order outside certain 
tropic and arctic regions. Input pa- 
rameters for Figure 2 are based upon 
a total particulate matter input of 
about 1000 g/m /yr to _ low-order 
streams, progressively decreasing to 
about 600 g/m /yr in reaches along 
high-order streams. The five pritc- 
cipal inputs include: coarse parti- 
culate organic matter, periphyton 
production, rooted macrophytes, phy- 
toplankton production, and the fine 
particulate organic matter imported 
to rivers following flood inundation 
of riparian ecosystems. The ratio 
of these components gradually shifts 
as the relative inputs increase or 
decrease along gradients comprising 
the river continuum. The distribu- 
tion of functional groups of organ- 
isms in the continuum is, in part, 
regulated by the continual adjust- 
ment to these inputs. 


The five particulate categories 
are plotted to show the expected in- 
put potential for stream orders of 
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the drainage network. Rates of or- 
ganic loading will vary significant- 
ly along the continuum for each in- 
put parameter, and for’ regional 
drainage basins, trajectory estimates 
are feasible to predict the most pro- 
bable state. Input rates for various 
river segments are largely determined 
by the physical system and degree of 
control by riparian vegetation. 


In contrast to decreasing energy 
loading with increasing drainage area 
(Figure 2), a concept of equal energy 
availability throughout a _ regional 
drainage should not be considered as 
unrealistic. Highly open systems 
are greatly subsidized by surrounding 
landscapes and yet, in most reaches, 
can maintain autochthonous processes. 
Additionally, the transport of organ- 
ic matter by flowing water may be an 
important mechanism for equalizing 
the distribution of energy among 
stream orders. 


Transport System 


The continuum is predicated upon 
the functioning of the transport sys- 
tem. This system is maintained by 
flowing water and the supply of parti- 
culate organic material from both up- 
stream and riparian landscapes. The 
river transport system, both during 
low flow and flood flow, is consid- 
ered an important energy subsidy for 
equalizing energy loading and _ re- 
distributing various size fractions 
of organic matter throughout’ the 
continuum. Storm flow transport may 
lead to increased efficiency in bi- 
otic processing by suspending, sort- 
ing, and re-depositing particulate 
organic material and organic solutes 
sorbed onto silt and clay particles 
to more permanent retention sites as- 
sociated with alcoves, pools’ and 
sloughs along the river course. 
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Figure 2. 
bution of organic i 
rial sources along 


STREAM ORDER 


An estimated projection of the most probable theoretical distri- 


nputs from within stream autotrophic processes and terrest- 
a twelth-order continuum. 
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Functional Groups 


The relative dominance of in- 
vertebrate functional groups (Cummins 
1974) shifts spatially (Figure 3) in 
parallel with the qualitative changes 
in particulate organic inputs’ and 
primary production along the con- 
tinuum (Figure 2). Headwaters are 
characterized by high-shredder and 


low-grazer densities’ relative’ to 
middle-sized rivers in which in- 
creased densities of periphyton 


grazers, fine particulate collectors, 
and benthic filter feeders are cou- 
pled to greater plant biomass and 
fluxes of fine particulate organic 
matter. In large rivers, the domi- 
nance by sediment burrowers and wa- 
ter column filter feeders (planktonic 
crustaceans) is coincident with in- 
creased amounts of fine particulates 
in sediment and transport. 


Diversity and Stability 


Gradients in the functional com- 
position of consumer assemblages es- 
tablished within specific reaches of 
the continuum are hypothesized to be 
structured primarily on: (1) rate 
and variance of physical energy ex- 
penditure, (2) particle size distri- 
bution of local organic input and 
the ratio of the terrestrial input 
to autothchonous' production (pri- 
marily algae), and (3) the qualita- 
tive properties of organic matter 
in transport. 


Diversity of consumer organisms 
in the river network probably shifts 
in direct proportion to the variance 
of the physical system and hetero- 
genity in the particle size composi- 
tion of the food supply. River seg- 
ments that exhibit low or minimum 
variance for the trophic and physical 
(temperature, substrate, gradient) 
systems are apt to have low biotic 
diversity. 
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This idea of system stability 
as a dynamic balance is_ shown in 
Figure 4 characterizing a_ single 
stabilizing vector, species diversity 
and an instability vector represented 
by thermal noise (maximum variance 
in diel temperature). In stream 
zones characterized by a high Tmax, 
stability is achieved by a high 
biotic diversity; whereas in stream 
zones displaying a low temperature 
variance, stability may be gained at 
a low species diversity. In reality, 
there are likely to be many identifi- 
able vectors contributing to the 
stability or instability of the sys- 
tem and the strategy might be better 
exhibited by an array of vectors con- 
tributing in varying degrees to the 
stability of the total system. 


In this interpretation, system 
stability is achieved by a dynamic 
balance between those vectors contri- 
buting to stabilize the system and 
vectors contributing to the instabi- 
lity of the system. In systems with 
a highly stable physical structure, 
biotic diversity may be low and yet 
preserve the total stability of the 
landscape or stream system. In con- 
trast, physical systems with low 
resistance to physical variations 
may require a high species diversity 
or at least a high complexity in 
species function to maintain stabi- 
lity. Consumer diversity is pre- 
dicted to reach a maximum in third- 
to fifth-order streams in parallel 
with higher diversity of particulate 
inputs, high diel and annual thermal 
variances, and increased _ physical 
heterogeneity. A projected trend 
towards reduced diversity in larger 
river systems can be attributed to: 
(1) the reduction in river compe- 
tence that directly leads to a more 
uniform distribution of fine sub- 
strates, (2) a predominance of uni- 
formly fine organic material in both 
the transport system and in the sand- 
silt sediments, and (3) a great re- 
duction in diel temperature variance. 
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Figure 3. Estimated trajectory of functional groups of consumer organisms 


extending through a river continuum from headwater spring seeps to a twelth- 
order river in a humid temperate region. 


Spatial and Temporal Processing of 
Organic Inputs 


Energy fluxes available to con- 
Sumer Organisms range from the sud- 
den, random, inputs of dissolved or- 
ganic compounds to the highly pre- 
dictable, seasonal import of energy 
made available by entrainment of 
forest litter and stream autotrophs. 
In undisturbed river systems, pulsed 
energy input is accommodated and 
rapidly dampened by the fast response 
time of microbes, temporal sequencing 
of consumer organisms, partial pro- 
cessing within each reach, temporary 
local storage, and transport to in- 
termediate points along the con- 
tinuum. Both the feeding strategies 
of various invertebrate functional 
groups and the degree of particle 
size specialization (Wallace et al. 
1977) are adjusted to a _ specific 
periodicity of loading events and 
constraints imposed by the physical 
dynamics of river systems. 


Recent studies of biotic pro- 
cesses in White Clay Creek provide 
evidence that the ecological stategy 
for natural streams may be a pro- 
pensity toward an equilibrium of 
energy flow through biological com- 
munities on an annual basis. Al- 
though processing rates and effi- 
ciency of energy utilization by con- 
sumer organisms appear to approach an 
equilibrium, their food resources 
shift seasonally. Seasonal inputs of 
leaf litter are utilized throughout a 


progressive reduction in particle 
size. This initially involves shred- 
der groups, but gradually’ shifts 


throughout the continuum to communi- 
ties dominated by collectors, filter- 
feeders, and sediment burrowers. 


White 
1978; 


Studies on 
(Vannote 


Clay Creek 
Sweeney and 
Vannote 1978; Vannote and Sweeney 
1980) have shown that in natural 
stream systems biotic communities in 


basin 
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stream systems biotic communities in 
most habitats can be characterized as 
having a continuum of synchronized 
species replacement. As a consumer 
species completes growth in a parti-~ 
cular microhabitat, it is immediately 
replaced by another species perform- 
ing essentially the same function, 
differing principally by the season 
of activity. It is this continuous 
species replacement, coupled with 
resource partitioning (food substrate 
and physical habitat) that leads to 
distribute the use of organic matter 
over time. Thus, it is theorized 
that components of biological systems 
evolve toward an equilibrium of 
energy processing by maintenance of 
a central position between a ten- 
dency to make maximum use of avail- 
able energy inputs (maximum efficien- 
cy) and an opposing tendency to use 
energy at a uniform rate throughout 
the year (minimum variance; Figure 
5). 


Extrapolating from these strat- 
egic process patterns observed for 
consumer organisms in low-order (1-4) 
streams (Vannote 1978; Vannote and 
Sweeney 1980), it is theorized that 
the organization of natural _ com- 
munities throughout the continuum may 
have similar process strategies 
directed toward maximizing utiliza- 
tion of available energy. Since 
shifts in hydraulic geometry of the 
physical system assume different but 
statisticaily predictable patterns of 
energy expenditure and work char- 
acteristics along’ the continuum 
(Scheidegger and Langbein 1966) and, 
available nutrient inputs to an un- 


perturbed system appear to vary 
predictably, the processing’ char- 
acteristics of communities are pre- 


dicted to shift in parallel and at- 
tain a most probable state (structure 
and function) along river gradients. 


Furthermore, it is assumed that com- 
munities characteristic of each 
stream reach are assembled through 
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Figure 4. A diagram illustrating how ecosystem stability may be achieved as 
a dynamic balance between vectors contributing to stabilize the system and 
vectors leading to instability (see Vannote et al. 1980, Vannote and Sweeney 


1980). Example uses only a single instability factor, maximum diel tempera- 
ture pulse (AT: 
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Figure 5. A model for two adjacent stream reaches representing possible compromise between biotic 
tendencies to maximize the use of energy taken into the system and an opposing tendency toward utiliz- 
ing energy resources at a constant rate. The balance is a quasi-equilibrium of energy flow through 
consumer organisms representing a compromise in efficiency and leads to transport of energy to down- 
stream communities. 
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ecological development (Odum 1969) to 
minimize energy losses and to process 
energy as equitably as possible on an 
annual basis. 


A model representing two adja- 
cent stream reaches along a continuum 
is conceptualized in Figure 5 and re- 
presents the idea of an ecosystem 
compromised between a _ tendency for 
biological communities to maximize 
the use of available energy (imported 
detritus and autotrophic stream pro- 
duction) and an opposing tendency to 
utilize available energy at a rather 
constant rate. The most’ probable 
central position between the two op- 
posing strategic tendencies leads to 
a quasi-equilibrium of energy flow 
through consumer assemblages. Incom- 
plete utilization establishes a par- 
tial but predictable export of re- 
sources largely during randomly oc- 
curring storm events. 


A quasi-equilibrium state is 
attributed to continual seasonal ad- 
justment of community structure to 
predictable seasonal changes of input 
variables. These changes may include 
seasonal terrestrial inputs of de- 
tritus and algal production, pulsed 
inputs of soluble organics, and a 
constant transport of organic parti- 
culates to downstream reaches. 


Transport from upstream reaches, 
coupled with local inputs, comprise 
the energy input (Figure 5) to down- 
stream systems. Downstream commu- 
nities are structured, in part, on 
the average, most probable perform- 
ance efficiencies of upstream commu- 
nities. Based upon patterns of fish 
and invertebrate feeding behavior, 
both upstream inefficiency and down- 
stream community adjustments seem to 
be predictable throughout a drainage 
network. Adjustment may be char- 
acterized, for example, by progres- 
sive shifts toward filter-feeding 
arthropods and mollusks in middle- 
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order streams (5-7), yielding to a 
dominance of water column grazing by 
microcrustaceans and sediment bur- 
rowing consumers in larger rivers. 


A tendency towards’ temporally 
uniform rates of activity by many in- 
ternally linked functional groups 
(Vannote and Sweeney 1980) that are 
active during all seasons of the year 
contributes to the d= osystem being 
directed towards a quasi~equilibrium 
of energy flow. The above referenced 
examples represent only a portion of 
the complex nature of community de- 
velopment that has evolved in natural 
river systems. Species components 
shift spatially (Ross 1963) and the 
high diversity of insects found in 
mid- and low-order streams is gra- 
dually supplanted by mollusks, fish, 
crustaceans, and annelids, among 
other groups, in higher order rivers. 


RESEARCH AND MANAGEMENT IMPLICATIONS 


Major segments of this Nation's 
large rivers, such as the Mississi- 
ppi, Ohio, Missouri, Arkansas, Ten- 
nessee, and Columbia, are essentially 
a chain of lakes or ship channels. 
The Mississippi River, because of 
navigation works and levee construc- 
tion, is not in physical equilibrium, 
and the natural dynamic regime, es- 
tablished since the end of the Pleis- 
tocene Ice Age, has been eliminated 
(Belt 1975). Biological populations 
and perhaps communities evolved in 
streams that were essentially in 
equilibrium and which had a heritage 
of sediment transport, cataclysmic 
flow events, thermal gradients, and 
a most probable geomorphic state. 
Channel modification often involved 
large changes in both channel geome- 
try (local energy slope, cross sec- 
tional profile, modes of kinetic 
energy dissipation, riffle-pool 


frequency and meander patterns) and 
factors that regulate the _ spatial 
distribution, retention, and quality 
of organic inputs. These impacts 
reduce biotic efficiency and ecosys- 
tem stability and lead to diminished 
productivity and pulsed use of re- 
sources. Major problems often asso- 
ciated with channel modification are: 
(1) entrainment of unconsolidated 
sediments, (2) conversion toward 
laminar flow, (3) introduction of 
large thermal variances, and (4) 
disruption of the basic properties of 
Organic inputs and retention. 


Federal assistance programs have 
contributed to impoundment of numer- 
ous headwater streams for drainage, 
flood control, water supply, and 
irrigation. Headwater and_ large 
river impoundments not only alter 
downstream thermal regimes but are 
sinks for organic inputs. In addi- 
tion, impoundments may eliminate 
flood flows and partially sever or 
alter essential energy linkage 
(accessability to bottomlands) for 
sustaining downstream communities. 
Regulation of flood flows, water 
diversion and low flow allotments 
often provide inadequate volumes to 
distribute materials along the con- 
tinuum and may disrupt’ seasonal 
thermal patterns essential for main- 
taining community process7~ effi- 
ciencies. 


A management requirement is to 
determine the number and distribution 
of headwater streams that may be im- 
pounded without significant compro- 
mise to natural processes in master 
streams. A similar logic exists for 
evaluating the proportion of small 
watersheds thet can be logged during 
a given rotation on drainage systems 
of various sizes. Clear cutting can 
cause local and translatory changes 
in nutrient flow, sediment yields, 
channel geometry, light and tempera- 
ture patterns, and timing of snow 
melt, among others. 
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Treatment plants for organic 
wastes (domestic, cannery, etc.) are 
frequently sited along fourth-order 
and larger streams because’ small 
streams frequently have insufficient 
flows to accomodate effluents. lIron- 
ically, these river sites coincide 
with river zones of maximum autotro- 
phic potential, and the nutrient en- 
richment invariably shifts natural 
equilibria. Furthermore, streams have 
small autotrophic biomass with high 
turnover rates and have considerably 
less capacity to retain inorganic nu- 
trients than large biomass systems, 
such as_ forests where the _ total 
energy flow ‘s great and nutrient 
cycles tend to be closed and cir- 
cular. 


River management must focus on 
the analysis of interactions between 
the river continuum and the natural 
and manipulated terrestrial ecosys- 
tems. Physical properties of riv- 
ers structure habitats and in com- 
bination with the vegetative shield 
of landscapes largely regulate the 
quality and fate of organic inputs. 
These factors then regulate communi- 
ty structure and function along the 
continuum. Perturbations cited above 
are only a few of the ways the con- 
tinuum analysis is useful for manage- 
ment of river courses, predicting ex- 
ports to estuaries, and recognizing 
temporal and spatial limitations of 
altered inputs. 
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ABSTRACT 


Evidence, from fauna _ buried 
beneath the upper Chesapeake Bay 
and from the presence of Crassostrea 
shell middens upstream from the low 
salinity limit of oysters, demon- 
strates that salinity in the estu- 
ary has been higher than it is at 


present. This is not consistent 
with a uniform rising sea _ level- 
rising estuarine salinity model. 


Changing land use in the upstream 
basins of both the Susquehanna and 
Delaware Rivers can be shown to pro- 
duce significant modifications in 
peak and low freshwater discharges. 
At the present time, we cannot iden- 
tify the cause of this salinity ex- 
cursion in the upper estuary. Im- 
plications of land use, climate 
change, and competing demands for 
fresh water are discussed. 


INTRODUCTION 


Stimulated by the recognition 
that the carbon dioxide concentra- 
tion in the atmosphere is increasing 
and that fluorocarbons can modify 
the upper atmosphere, much interest 
has developed about past, present, 
and future climates. As background 
to this conference on freshwater flow 
to estuaries, I will examine what we 
know about past and present freshwa- 
ter discharge to several estuaries. 


We have a tendency to think that 
the way things are is the way that 
they've always been. The geological 
perspective suggests that this is not 
the case at all. We need only go 
back ten thousand years to find con- 
vincing evidence of glaciers covering 
extensive areas of North America, 
with sea level 100 m below present, 
and the Atlantic coast of the United 
States located 100 to 150 km seaward 
of its present position. The present 
location of a city like Baltimore, 
Maryland, would be well inland and 
probably much colder than at present. 
There appear to have been perhaps 10 
such ice ages during the last 5 mil- 
lion years. The history of past cli- 
mates has been reconstructed well 
enough for us to apply statistical 
tests to the record. Random fluctua- 
tions are superimposed on periodic 
changes having frequencies of 100 to 
100,000 years (NAS 1975) and _ some 
shorter-term solar cycles (King 
1975). Four climatic epochs have 
been identified since the end of the 
most recent glaciation. These are the 
Altithermal (or warmest times) about 
5,000 BP to 7,000 BP; the cooler Iron 
Age 2,900 BP to 2,300 BP; the secon- 
dary Altithermal of the early Middle 
Ages, 1,000 BP to 800 BP; and the 
Little Ice Age, about 550 BP. We are 
able to interpret climate almost 
solely on the basis of past tempera- 
tures. Data on rainfall are almost 
non-existent. 


Man has measurably modified the 
climate on a local scale. Table 1 
illustrates urban climate parameters 
as a function of rural conditions, 
demonstrating some startling differ- 
ences. Extensive irrigation, drain- 
age of large swamps and deforestation 
may cause significant local and re- 
gional climate changes. 


With the background that’ the 
climate may vary significantly on 
both spatial and temporal frames, 
I will examine the freshwater dis- 
charge from several mid-Atlantic ba- 
Sins to their estuaries. My con- 
cept of the long-term (thousands of 
years) change in salinity, at a spec- 
ified location within an estuary on 
the coast of the United States, is 
guided by the secular rise in sea 
level which has been occurring for 
the last 10,000 years. Our models 
indicate that this sea level rise has 
flooded river valleys, produced es- 
tuarine conditions, and that, at a 
given location within an estuary, 
conditions have become more salty up 
to the present maxii’m, provided that 
sedimentation rate is less than sea 
level rise. 


RESULTS AND DISCUSSION 
PRECIPITATION AND STREAM FLOW 


The precipitation that reaches 
the ground within a particular region 
leaves as stream flow, evaporation 
and transpiration, or by out-of-basin 
diversions to other regions. On a 
basin-wide scale, stream flow is de- 
rived from the precipitation that 
falls within the basin boundaries and 
is divided into two parts: (1) di- 
rect runoff is water that reaches 
stream channels quickly after a per- 
iod of precipitation or snow melt; 
and (2) base flow is water that 
reaches the stream much later as 
groundwater discharge from aquifers. 


306 


Precipitation that reaches the 
ground may infiltrate into the soil, 
run off the ground surface, or be 
evaporated into the atmosphere. The 
soil surface can absorb water at a 
maximum rate known as the infiltra- 
tion capacity. If rainfall intensity 
exceeds soil infiltration capacity, 
the excess rainwater accumulates on 
the surface, fills small depressions 
and flows downslope as overland flow. 
Land surface characteristics such as 
vegetation and soil condition are 
the major factors that determine in- 
filtration capacity. Coarse textured 
soils have a higher infiltration ca- 
pacity than do clayey soils. Dense 
vegetation protects the soil from the 
direct impact of raindrops, provides 
Organic matter to the soil and pro- 
motes biological activity in the 
soil to form open, stable, soil ag- 
gregations. Depending on the hill- 
slope, overland flow travels at ve- 
locities of 10 to 500 m/hr. Thus, 
overland flow can contribute water 
to streams very quickly and is pri- 
marily responsible for the initial 
rise in the hydrograph during or 
immediately after a rainfall. 


In densely vegetated, humid 
regions the infiltration capacity is 
high enough for soils to absorb all 
but the most intense rainfalls. Wa- 
ter percolating vertically through 
the soil may encounter a less perme- 
able horizon and can be diverted lat- 
erally along the surface of this 
horizon to appear further downslope. 
Under intense storm conditions, such 
water can migrate through the largest 
soil pores, worm holes and structural 
openings at rates up to 0.2 m/hr 
on steep forest slopes and can con- 
tribute to floods. This water is 
termed subsurface stormflow (Whipkey 
1965). Streams whose discharge is 
principally from subsurface stormflow 
respond an order of magnitude more 
slowly to a rainfall event and their 


Table 1. Climate changes resulting from urbanization (Chagnon 1977). 


Average Charges, as a Percentage 
of Rural Conditions 


Cold Warm 
Variable Annual Season Season 

Solar Radiation -22 -34 -20 
Temperature + 2 + 4 + ] 
Humidity (relative) - 6 - 2 - 8 
Visibility (frequency) -26 -34 -17 
Fog (frequency) +60 +100 +30 
Wind Speed -25 -20 -30 
Cloudiness (frequency) + 8 + 5 +10 
Rainfall (amount) +14 +13 +15 
Snowfall (amount) +10 +10 - 

Thunderstorms (frequency) +16 + 5 +29 


peak runoffs are an order of magni- 
tude lower than streams receiving 
overland flow (Dunne 1978) 


If the supply of water to the 
soil, from transport from upslope or 
from vertical transport, is suffi- 
ciently great, the soil may become 
water saturated. Some of the water 
traveling as subsurface’ stormflow 
emerges at the ground surface, is 
supplemented by direct precipitation 
on the saturated surface, and is 
termed satuarated overland flow. Sat- 
urated overland flow generally occurs 
well down hillslopes on fairly low 
gradients and travels at speeds of 
0.3 m/hr to 100 m/hr. The contribu- 
tion of saturated overland flow to 
the stream hydrograph is intermedi- 
ate between overland flow and subsur- 
face stormflow (Freeze 1972). 


The combination of overland 
subsurface stormflow, and sat- 
urated overland flow comprise di- 
rect runoff. Ground water occurs in 
Saturated openings in the earth and 
provides the water to springs and to 
the fair weather flow of streams. The 
water table is the top of this satu- 
rated zone and natural discharge of 
ground water takes place where the 
water table is at or near the land 
surface. Part of this discharge is 
contributed to streams and consti- 
tutes baseflow, and part of the dis- 
charge is evaporated or transpired. 


flow, 


Evapotranspiration, that is, 
the direct discharge of water vapor 
to the atmosphere, depends on the 
availability of moist surfaces ex- 
posed to the atmosphere. The rate 
of evapotranspiration is function 
of air temperature, humidity, wind, 
sunshine duration and intensity, and 
vegetational cover. On the scale of 
river basins, the actual rates of 
evapotranspiration are computed by 
the difference between precipitation 
and river discharge. Table 2 pro- 
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vides data on the Susquehanna and 
Delaware River basins. Figure 1 il- 
lustrates the basin locations. 


It is instructive to compare 
the total freshwater discharge from 
the Susquehanna and Delaware River 
basins after significant modification 
of the watersheds with the basins be- 
fore European man settled the area. 
Intuitively, most cf us would agree 
that the seasonal discharge of fresh 
water would have been different when 
the watersheds were covered with ma- 
ture forests. We would also probably 
agree that water quality parameters 
(particularly suspended sediment 
and temperature) could be signifi- 
cantly different. The factors that 
influence the infiltration of storm 
precipitation into the soil and the 
reduction of direct runoff on forest 
lands are soil structure and texture, 
degree of protection of the soil 
against raindrop impact, and the den- 
sity of vegetative cover which inter- 
cepts part of the precipitation and, 
through transpiration, depletes soil 
moisture. The type, age, and densi- 
ty of forest cover is directly relat- 
ed to the amount of forest floor 


humus and surface litter, which, in 
turn impedes surface water flow, 
protects the soil surface, and re- 
tards or prevents freezing in cold 
weather. Ground fires, woodland 
grazing, logging or deforestation 


tend to destroy the humus layer and 
promote increased direct runoff. 


A series of curves has_ been 
developed to show the relationship 
between given amounts of precipita- 
tion and predicted runoff for each 
of a variety of land uses (U.S. Soil 
Conservation Service 1972). For 
the Delaware and Susquehanna basins, 
cover types are woodland, grassland, 
cropland, idle land, and urban areas. 
The data for the Delaware basin are 
presented in Table 3 and the Susque- 
hanna River basin ‘in Table 4. Four 


Table 2. River basin characteristics. 


Delaware River Basin’ 


‘ Av. Annual Av. Annual q Areg Runoff? 

Region PPt (in) Runoff (in) (mi~ ) % of PPt 

1 44 24 3881 54 

2 45 21 958 47 

3 45 25 947 55 

4 44 21 969 48 
Sub basin weighted 44 23 52 
average above Phila- 
delphia 

5. 43 16 2183 37 

6 43 15 2719 34 
Basin Average 44 22 11657 50 

Susquehanna River Basin® 
» Av. Annual Av. Annual , Area Runoff? 

Region PPt (in) Runoff (in) (mi) % of PPt 

1 38 21 4944 55 

2 34 13 2604 38 

3 37 18 3755 49 

4 41 21 2975 51 

5 38 20 4017 53 

6 39 17 3406 44 

7 41 18 2399 44 

8 40 18 3410 45 
Basin Average 39 18 27510 46 


a) Regions indicated on Figure 1 

b) Data from Delaware River Basin Report, Appendix K, 1960 

c) Data from Susquehanna River Basin Report, Vol. 1, 1970 

d) Runoff includes base flow and direct runoff 

e) This area drains into the tidal portion of the Delaware basin 
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FIGURE 1 — Susquehanna and Delaware watersheds and sub-basins. 


Table 3. Delaware River Basin, 1954 land use’. 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 


Weighted Weighted 
Phys iographic Soil, Crop] and Pasture Wood] and Idle Urban Runoff by Total Area Woodland Runoff 
Area (Fig. 1) Group” Acres Runoff Acres Runoff Acres Runoff Acres Runoff Acres Runoff Area(1954) (All uses) Runoff (1600)° 
(000) CN (000) CN (000) CN (000) CN (000) CN CN Acres (000) CN 
A 26 65 ll 49 43 4) 5 68 10 84 95 33 
l B 162 73 76 69 1120 64 37 79 24 90 70 1419 53 59 
C 103 82 44 76 703 74 21 86 99 85 970 63 
Total Area 291 T3T 1866 “63 133 2484 
A 5 57 <l 49 2 42 1 68 -- 8 34 
2 B 169 69 29 69 218 65 46 78 26 84 488 57 
C 40 77 10 79 46 75 17 86 <1 91 70 113 67 59 
D 2 83 <1 84 l <l 89 <l 92 4 78 
Total Area 216 “40 267 “65 “28 “613 
A 9 61 <1 49 5 44 1 68 -- 15 39 
3 B 101 69 6 69 101 66 12 79 -- 74 220 60 66 
C 91 79 10 79 230 76 12 86 28 84 371 70 
Total Area 201 “16 336 “25 “28 ~ 606 
A —_ - _ 7 _ _ 
4 B 154 71 25 69 72 65 13 79 2 84 75 266 57 63 
C 143 79 28 79 134 75 y 86 40 84 354 67 
Total Area 297 “53 206 “22 “42 620 
A = on _—_ an om 
5 B 306 72 32 69 74 65 30 79 165 84 607 58 
C 350 79 83 79 287 75 41 86 3 90 76 764 68 64 
D 8 84 2 84 5 8] 3 89 8 98 26 68 
Total Area 664 Tl7 366 “74 176 1397 
A 50 66 3 49 49 42 23 68 <l 74 125 36 
6 B 416 76 41 69 490 65 66 79 5 84 73 1019 59 61 
C 164 83 15 79 104 75 23 86 289 78 595 69 
0 -- _-- -- 1 89 -- l 78 
Total Area 630 59 643 113 295 1740 
Weighted Runoff 
By Land Use (CN) 75.2 72.5 68.4 80.6 83.7 


a Modified from Use and Management of Land and Cover Resources, Appendix K, Delaware River Basin Report, U.S. Army Corps of Engineers, 1960. 


b See text for explanation. 
c Assumes mature forest with 10% open or immature areas from forest fires. 


Table 4. Susquehanna Basin land use data (1964)° (in thousands of acres). 


Runoff 
Area Cropland Pasture Woodland Idle Urban Total (CN)b 
1 728 651 1381 304 92 3156 70 
2 457 271 715 158 47 1648 70 
3 511 193 1290 176 171 2341 72 
4 142 31 1584 76 45 1878 os 
5 393 81 1901 123 71 2569 74 
6 437 123 1443 82 82 2167 75 
7 404 66 715 102 83 1370 75 
8 = 1086S 646 160, 1462278 7h 
Total 4158 1658 9673 1181 737 17407 


a from Susquehanna River Basin Study, Appendix J, 1970 
b based on CN data from Delaware Basin 
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soil groups have been classified on 
the basis of their ability to accept 
water at the eui of long duration 
storms (U.S. Army Corps of Engineers 
1960). Group A soils are highly 
permeable while Group D soils are 
relatively impermeable. The Soil 
Conservation Service has _ computed 
the soil versus cover complex number 
(CN) from field investigations of 
the Delaware basin watersheds and has 
developed a composite number for each 
physiographic area based on land use 
and area. This composite index rep 
resents the present (1954 for Dela- 
ware basin, 1970 for Susquehanna ba- 
sin) hydrologic condition by physio- 
graphic area. Column 10 represents 
the CN for the given soil types 
assuming mature forest cover with 
10 percent openings or _ immature 
forest due to natural fires. Column 
ll is an estimate of the weighted CN 
for the year 1600, before signifi- 
cant impact by settlement. In order 
to relate the changes in the CN to 
changes in direct runoff, the rela- 
tion developed in Figure 2 must be 
used. The curve represents runoff 
changes as a percentage of direct 
runoff for a unit change of CN. For 
example, if a precipitation event 
produced 1.5 inches of runoff for a 
CN of 70 and land use practices were 
instituted which reduced the CN to 
69, there would be a 5 percent reduc- 
tion in runoff. Similarly, if land 
use practices reduced the CN from 70 
to 62 (8 points) there could be a 
40 percent reduction (8 points x 5%/ 
point) indirect runoff for a 1.5 inch 
precipitation event. Thus, land use 
treatments have a greater effect on 
storms of long duration and low in- 
tensity and a lesser effect on storms 
of high intensity. The curve in Fig- 
ure 2 must be used with great care 
as the change in runoff decreases 
with increasing watershed size be- 
cause part of the infiltration, the 
greater the base flow and the greater 
the evapotranspiration. Based on 
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small watershed studies, approxi- 
mately half of the additional infil- 
tration will be reflected in in- 
creased baseflow and half will be 
lost to evapotranspiration. 


A first approximation of the 
change in peak and low flows for the 
Delaware and Susquehanna basin is 
presented in Table 5. The present 
seasonal hydrograph for each basin 
would have been significantly altered 
under "All forest" conditions, with 
low flow about 10 to 15 percent high- 
er, and high flows about 25 percent 
to 30 percent lower than at present. 
Average annual discharge (assuming 
similar precipitation) may have been 
Significantly lower than at present 
(Muller 1966). 


While such seasonal alterations 
in major system hydrographs may seem 
high, direct evidence of the increase 
in low flow conditions on the Dela- 
ware River has been reported (USACE 
1960). The Delaware at Port Jervis, 
N.Y. has experienced a 25 percent 
increase, in low flow (watershed area 
3,076 mi) during the period July-0c- 
tober 1915 to 1954. This increase 
in base flow is attributed to a "gen- 
eral increase in cover conditions and 
management which is known to have oc- 
curred". 


A much more sophisticated es- 
timate could be made by computing a 
climatic water budget for sub-basins 
in each of the wat rsheds to esti- 
mate streamflow (Mather 1979). In 
addition, suspended sediment and wa- 
ter quality parameters could be mod- 
eled (Simmons and Heath 1979) to 
provide an estimate of pristine con- 
ditions. 


GEOLOGIC EVIDENCE PALEOSALINITY 


The model for long term salin- 
ity change in an estuary experiencing 


20 
NOTE: Changes that are greater or smaller than 1.0 
point are in direct ratio to values on this 
curve. 
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Figure 2. Runoff changes for 1.0 point change in index numbers (from Delaware River Basin Report, 
Appendix K, Use and Management of Land and Cover 1960). 
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Table 5. Change in low and peak flow patterns for Delaware and Susquehanna 
Basins (1954 and 1964 respectively) assuming all forested watersheds. 


Delaware River Basin 
(above Philadelphia 


Present Pre Development 

Physiographic Index b Low Flow’ Peak Flow’ 
Area (see Fig.1) Number (CN) (CN) % Increase % Inc.’ ase 

1 70 59 11 34 

2 70 59 11 34 

3 74 66 8 28 

4 75 63 12 36 
weighted average 71 11 32 
for basin 

Susquehanna Basin 

1 70 59 11 34 

2 70 60 10 31 

3 72 60 12 42 

4 74 64 10 31 

5 74 66 8 28 

6 75 66 9 29 

7 75 65 10 31 

8 74 66 9 29 
weighted average 73 62 10 3 
for basin 


a computed directly from USACE, Delaware River Basin Report, Appendix K, 
1960 
b CN's from Table 3 and Table 4 
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rising sea level predicts that, at a 
specified location salinity will in- 
crease as a function of sea level 
rise provided that sedimentation rate 
is less than sea level rise. Along 
the mid-Atlantic coast of the United 
States, sea level has risen monoto- 
nously for the last 10,000 years, 
though there is evidence that short, 
perhaps cyclic, falls in sea level 
with amplitudes of about 1 m have oc- 
curred, particularly in the last 
4,000 years. There is no evidence to 
indicate that during the latest sea 
level rise, northern Chesapeake Bay 
has been higher than present. Thus, 
one would predict that, at a loca- 
tion in northern Chesapeake Bay (the 
estuary of the Susquehanna River), 
salinity has increased over time up 
to the present. 


The discovery of shell mid- 
dens, consisting of the eastern oy- 
ster, Crassostrea virginica, in an 
area of northern Chesapeake Bay at 
Worton Point (Kraft and Wilke per- 
sonal communication) upstream from 
the oysters' present, salinity-con- 
trolled habitat, has cast doubt on 
the general applicability of the ris- 


ing sea level-increasing salinity 
model. 

A long core was taken in the 
vicinity of Hart Island, northern 


Chesapeake Bay. The site is a buried 
oyster bar which is being dredged 
for recovery of oyster shell. Shell 
material was examined for the pres 
ence of attached organisms which 
could provide evidence of past salin- 
ity. The presence of boring sponges 
was evident on some shells. 


The boring sponges, or Clio- 
nidae, are a serious pest to the 
cultivation of oysters in almost all 
estuarine environments. Cliona bores 
into calcareous objects as a means 
of securing stability. The bulk of 
the sponge grows outside of its shell 
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substrate and appears as a dome- 


shaped or vase-shaped growth. 


The most important work on 
the boring sponges has been that of 
Old (1941) in which the species of 
Cliona occurring on the Atlantic 
coast of North America are thoroughly 
described and illustrated. Hopkins 
(1956), working in Louisiana estu- 
aries, undertook the first really 
important study of the distribution 
of the distribution of Cliona spe- 
cies in relation to salinity. He 
found a positive correlation between 
the occurrence of Cliona celata and 


higher salinity and the occurrence 
of C. truitti and C. vastifica and 
lower salinity, the ' relationship 


which he found was based on the num- 
ber of days per year that the spon- 
ges were subjected to a_e salinity 
level below their critical tolerance, 
and he found that C. truitti and C. 
vastifica were able to withstand 
lowered salinity much better than C. 
celata. The absence of C. celata can, 
according to Hopkins, be taken to in- 
dicate a salinity below 10 percent 
one-fourth of the time and below 15 
percent one-half of the time. The ab- 
sence of C. truitti is indicative of 
a salinity below 10 percent at least 
half of the time. The species dis- 
tribution of Cliona can therefore be 
used as a measure of salinity level. 


Oyster shells from the Hart Is- 
land core were examined for the pres- 
ence of Cliona tunnels; and when such 
tunnels were present, an attempt was 
made to identify the species which 
had made them. 


There are four species of Cliona 
occurring naturally in the Chesapeake 


Bay: C. celata, C. lobata, C. tru- 
itti, and C. vastifica. C. celata 
can easily be differentiated from the 
other three species occurring in the 


the hoies it 
Koleos 


bay by the size of 
leaves in the shell substrate. 


made by C. celata are 1.5 to 2.5 mm 
in diameter, while those made by C. 


lobata, C. truitti, or C. vastifica 
are 0.2 to 0.5 mm in diameter (Hop- 
kins 1956). The separation of the 


latter three species requires solu- 
tion of the oyster shells and micro- 
scopic examination of spicules. 


Shells from three locations 
around the bay were examined macro- 
scopically, and the presence or ab- 
sence of sponge holes noted. When 
holes we.e present, C. celata was 
separated from C. lobata, C. truitti, 
and C. vastifica; but no attempt was 
made to differentiate between the 
latter three species. The data, 
then, are a measure of the relative 
abundance of C. celata, and appear 
in Table 6. 


The oldest shells from Hart 
Isiuud had very few tunnels’ from 
boring sponres or any other organism. 
They were large, and had very hard 
shells. Most had no holes in them 
at all. In all probability the sa- 
linity level, at the time these de- 
posits were laid down, was relative- 
ly low--possibly somewhere around 
10 percent. The shells above them 
were extensively eroded and tunneled, 
and tended to be somewhat smaller. 
Many of the holes in these shells 
were made by Cliona celata, suggest- 
ing a salinity level closer to 15 
ppt. In all probability, then, the 
area around Hart Island was undergo- 
ing a substantial increase in salin- 
ity during the time interval repre- 
sented from -3m to -lm. This con- 
clusion is especially interesting in 
view of the fact that the present sa- 
linity level in this area is below 
the critical level for Cliona of any 
kind, and Cliona does not currently 
occir there. The direction of the 
change in salinity at Hart Island, 
then, has not always been the same. 
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Lack of multiple radiocarbon 
control points precludes an analysis 
of when this apparent higher salinity 
occurred in the northern Chesapeake 
and an interpretation of its cause. 


If the maximum. salinity occurred 
several thousand years ago, then a 
climatic shift, perhaps associated 


with the Altithermal or Iron Age may 
be invoked. If the maximum occurred 
near 500 years BP, then perhaps land 
use practices in the watersheds since 
that time may be involved. 


SUMMARY AND CONCLUSIONS 


A first approximation of the 
freshwater discharge, assuming modern 
precipitation, from the Delaware and 
Susquehanna, indicates that wholly 
forested basins deliver different 
seasonal distributions for’ both 
watersheds than does the present land 
use mix. Low flows would be higher 
and peak flows would be lower. We 
cannot determine whether total annual 
discharge was different from today 
either because of higher’ evapo- 
transpiration or lower annual rain- 
fail, or both. 


Salinity in the upper Chesapeake 
was higher than at present as indi- 


cated by the presence of oysters 
and associated organisms in areas 
where present seasonal salinity is 


too low for their survival. 


SPECULATION 


Table 7 illustrates the global 
needs for major foodstuffs. A subtle 
shift in world food production could 
alter significantly the agricultural 
needs for irrigation water. A 10 
percent to 20 percent drought related 
reduction in North American grain 
productivity would not lead to food 
deficits in North America but will 
have drastic implications for the 


Table 6. Hart Island, Chesapeake Bay, oyster bioherm core (water depth 3.5m). 


ee ee eee 0 o. creee eee we: ae oe. eee een ee a — © ee ne we Gees rere wer eemene waste = eee = nae 0 ~—  wenwane mw eee we wt ae ee eee 0 cer emee eee © seentee.: some age er menrerat pres ee ae Oe eee: a ern ee + 


Depth below Sediment C, Celata Other sponge 

bottom (m) character borings borings Both Neither 
0-1 sandy silt 0 0 0 100 
1-2* with 5 25 15 55 
2-3 abundant 20 10 70 0 
3-4 oyster 16 20 10 54 
4-5 shell 0 25 0 75 
5-6 0 20 0 80 


*Crassostrea shells from this zone were radiocarbon dated at 545 +t 90 years 


BP. 
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Table 7. Grain exports and imports (from Brown 


Region 


North America 

Latin America 

Western Europe 

Eastern Europe 
and USSR 

Africa 

Asia 

Australia and 


New Zealand 


1934-38 


1948-52 


+ 3 


1975) (10° metric tons). 


1970 


+56 
+ 4 
-30 


+ | 
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countries dependent on North American 
imports. The development of land 
based bioenergy, highly touted as a 
partial solution to the U.S. energy 
shortage, may increase the need for 
fresh water in hinterland basins. 
Further, meterological and _hydro- 
logical evidence suggests that 10 
percent to 15 percent changes’ in 
precipitation are common and _ that 
what we think of as normal climate, 
at present, is not normal in the 
longer perspective of recent centur- 
ies (Bryson 1975). Finally, in addi- 
tion to whatever nature has in store 
for us, we now recognize that man has 
the capability to modify climate on a 
local, regional, and global scale. 


Even in the short term (say the 
next two decades), it may not be pos- 
sible to guarantee a certain absolute 
volume of fresh water to an estuary. 
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DISCUSSION 


Question: J. L. Hasseled, 
Citrus County Florida. I have two 
questions that are rather related, 
sir. In your studies have you eval- 
uated the percentage of improve- 
ments as to runoff in large residen- 
tial type developments by the design 
of retention areas and swales? And 
the second part of that question is, 
will a tenurial land use or zoning 
regulation to accomplish this ef- 
fect be detrimental to the estuary 
in the long run? 


Answer: The answer to_ the 
first part of your question is no. 
I have not looked at the improve- 
ments or litigations that can be made 
in land practice and what their ef- 
fects would be. The answer to the 
second part of your question, as to 
whether or not such effects would be 
deleterious, is that the Atlantic 
Coastal Plain Estuaries were much 
different naturally in pre-colonial 
times than they are at the present 


time. I think we all would agree 
to that. But I'm speaking about 
freshwater flows. What I'm saying 


is, we have gotten to where we are 
in freshwater discharge in coastal 
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plain estuaries by not knowing what 
we were doing. As land use practices 
improved--and I'll say improved from 
a number of perspectives~--Soil Con- 
servation Service has technological 
capability at the present time to re- 
duce the suspended sediments by a 
factor of five for most of these 
Atlantic coast watersheds. For in- 
Stance, no-till farming is going to 
save farmers money for energy and 
they are going to no-till. No-till 
reduces direct sediment runoff by a 
factor of two or three in itself. If 
this happens to a significant extent 
in these Atlantic coast basins, we 
are going to see a decrease in the 
base flow, and an increase in the 
peak flow. Now, that deals with the 
freshwater aspect. With respect to 
the suspended sediment, we could 
really be in trouble if we did that. 
For instance, I cannot think of a 
biologist who has looked at the pri- 
mary production of an Atlantic Coast- 
al Plain Estuary, who has not said 
that the system is light limited, 
that limit on primary production is 
light. Given the present mix of nu- 
trient inputs that we provide the 
estuaries, if we reduced suspended 
sediments by 50 percent, and in- 
creased the light available in those 
estuaries, we might have a biological 
disaster. 


Question: In other words, your 
moving of the freshwater flow up and 
down could have a deleterious effect 
on the entire estuary? 


Answer: Certainly it could. 
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ABSTRACT 


South Texas and adjacent north- 
eastern Mexico comprise a vast, near- 
ly uninterrupted subtropical semi- 
arid-to-subhumid climatic environ- 
ment. Interestingly, it is the only 
east-coast subtropical steppe on our 
planet. Like all semiarid areas, 
however, both the margins and in- 
ternal moisture availability of this 
climate region are highly dynamic and 
unreliable. For example, within the 
past quarter-century, several sta- 
tions within 50 miles of the Gulf of 
Mexico have received as few as eight 
and as many as 65 inches of precipi- 
tation in a given calendar year. As 
a result, estuaries along the north- 
west Gulf of Mexico experience wide 
year-to-year variations in freshwater 
inflow and, in turn, tend to alter- 
nate between hyper- and hypo-saline 
conditions. This paper describes, 
depicts graphically, and statisti- 
cally analyzes the regional climato- 
logy of semi-arid South Texas and 
northeastern Mexico, with particular 
emphasis on twentieth-century  pre- 
cipitation fluctuations, trends, 
droughts, and "spells". 


INTRODUCTION 


uninterrupted 
region lies 


nearly 
subtropical 


A vast, 
semi-arid, 
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between 23° and 32° North Latitude 
in North America, bounded to the 
east by the Gulf of Mexico and to 
the west by the Sierra Madre Ori- 
ental mountain range. This steppe 
area, identified by Trewartha (1968) 
as one of the earth's unique "problem 
climates", includes all of southern 
Texas in the United States and much 
of the states of Nuevo Leon and Ta- 
maulipas in Mexico. Physiographical- 
ly, the region is flat to gently- 
rolling coastal plain, presently cov- 
ered by scrub brush intermixed with 
such xerophytes as cacti and yucca. 


Climatically, it is almost a 
classical example of a subtropical 
steppe, becoming first subhumid and 
then humid to the east and south, 
grading into desert to the west, and 
into middle-latitude semi-arid to 
the north/northwest. Mean annual 
temperatures approximate 75° FF. 
(23.9°C), the growing season gen- 


erally exceeds 300 days, and aver- 
age yearly rainfall ranges between 
15 inches (380 mm) and 30 inches 


(720 mm) (Figure 1). The precipita- 
tion regime demonstrates a monsoonal 


tendency, with 65 percent of total 
annual rainfall coming during’ the 
high-sun period. Nonetheless, the 


distribution is bimodal, with minima 
occurring both in spring (usually 
March, when both mid-latitude cyclon- 
ic and tropical convective precipita- 
tion are at a nadir) and in mid- 
summer (typically July). Perhaps one- 
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Figure 1. Texas annual average rainfall. 
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half of the precipitation of late 
summer/early fall (especially Sept- 
ember) is associated with tropical 
disturbances. 


Summers are long, hot, oppres- 
sively humid, and intensely "bright" 
(an ozone "window" has been reported 
in the stratosphere over the eastern 
portion of the region). Mean summer 
maximum temperatures are near 95° F 
(29.4° C), while minima remain pen 
tween 75 F (29.4 C) and 80 F 
(26.7° C). Winters are pleasantly 
mild: mean January temperature is 
about 60° F (15.6° C), with only oc- 
casional frost. Snow is rare in 
Texas, being reported about once each 
decade, and virtually nonexistent in 
northeastern Mexico. 


In both Texas and Mexico, the 
greater part of the area is utilized 
for cattle grazing, but highly pro- 
ductive intensive commercial agri- 
culture is practiced where water 
supplies permit: milo and cotton in 
the subhumid northeastern section of 
South Texas; winter vegetables, 
citrus fruits, and sugar cane on 
irrigated lands along the Rio Grande 
River between the two countries; and 
sisal (hemp), banana and citrus fruit 
plantations toward the Tropic of 
Cancer in Mexico. (Some peasant or 
subsistence agriculture is also 
practiced on non-irrigated farms in 
northeastern Mexico.) It is, there- 
fore, a region of surprising agri- 
cultural diversity and _ importance, 
one which is a significant supplier 
of grain sorghum, cotton, citrus 
fruits and cattle to the inter- 
national market, and yet it is a 
steppe which has largely been ignored 
by research climatologists in both 
the United States and Mexico. 


One reason for this neglect may 
lie in the fact that the genesis of 
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of this climatic zone has never been 
well-understood. Trewartha put it 
thusly: "Along the west gulf coast 
both in northeastern Mexico and in 
adjacent parts of Texas, there is a 
semiarid region which appears out of 
place. Other parts of the gulf coast 
in both Mexico and the United States 
are wet. No adequate explanation for 
this dry region exists" (Trewartha 
1968). Interestingly, the region may 
not only be unique in North America 
but in the world: according to most 
of the accepted climatic classifica- 
tions, this appears <o be the only 
east-coast subtropical (20° to 30° 
latitude) steppe on planet earth. 
(Somalia and Patagonia are, respec- 
tively, more appropriately described 
as equatorial and middle-latitude in 
nature. ) 


"The incongruous feature is that 
this part of the west-gulf littoral 
should be so deficient in precipita- 
tion considering the fact that in 
summer it lies within a flow of sur- 
face easterlies with an extensive 
body of warm water to windward. Ad- 
vected moisture seemingly should be 
abundant...But limited Gulf of Mexi- 
co tropical waves and related storms 
decline in numbers and intensity to- 
ward the northwestern portion of the 
gulf" (Trewartha 1968) (Figure 2). 


"Whatever its cause, the result 
is a curious semi-arid zone in which 
humidity and sensible’ temperatures 
are, more often than not, unpleasant- 
ly high or oppressive but rainfall is 
infrequent. For this reason, farmers 
in South Texas refer to it as their 
‘desert jungle'."” 


TWENT IETH-CENTURY 
CLIMATIC FLUCTUATIONS 
DATA AND METHODS 


The primary goal of this 
research program was to answer two 


Figure 2. Average summer isentropic chart. 


questions: (1) Has this semiarid re- 
gion experienced any detectable cy- 
cles or climatic periodicities during 
the 20th century? and (2) have sig- 
nificant (longlasting) trends’ or 
“spells” of climate occurred and, if 
so, of what nature and when? 


To study these problems, _ raw 
climatic data for approximately 50 
meteorological stations in semi-arid 
Texas and 40 stations in northeastern 
Mexico were obtained from the U.S. 
National Climatic Center (Asheville, 
N.C.) and the Mexican National Hydro- 
meteorological Office (Mexico D.F.). 
Of these, 10 widely-spaced stations 
within each of four sub-regions were 
isolated and subjected to intensive 
scrutiny. These subregions were: (1) 
Northeastern Mexico (coastal plain 
only); (2) South Texas; (3) Central 
Texas; and (4) the High Plains or 
North Texas (Figure 3). (The latter 
two were outside the scope of this 
report and, hence, are not included 
herein. ) 


In the United States, most of 
the stations had periods of record 
dating from 1900, although most had 
some interruptions. In Mexico, sev- 
eral stations had records dating from 


1921, but the majority were estab- 
lished between 1925 and 1935. 

In each sub-region, data _ for 
all 10 stations were combined and 


averaged to provide a number of use- 
ful statistics. First, mean annual 
regional temperature, mean maximum 
and minimum temperatures, and five- 
year running or "moving" averages to 
temperature were calculated. How- 
ever, it quickly became apparent 
that the temperature variables mani- 
fested no discernible cycles, trends, 


or even. showed much variability 
(i.e., the curves were almost per- 
fectly flat). Thereafter, attention 


was focused upon precipitation, which 
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is both far more variable and crucial 
to agriculturalists in Texas and Mex- 
ico. 


Graphs were then prepared de- 
picting the combined year-by-year 
average regional precipitation (all 
10 stations combined) in each sub- 
region, as well as four other param- 
eters: median rainfall, five-year 
moving averages of rainfall, and max- 
imum and minimum year values (for the 
75-year period in Texas and that of 
1921-1975 to Mexico) (Figure 4). 


REGIONAL CYCLES AND TRENDS 


In their monograph on drought 
in the Sahel, Katz and Glantz -- us- 
ing the work of Bunting and Yevjevich 
-- report that "No established trends 
or periodicities (of annual rainfall) 
can be detected or confirmed (in the 
Sahel)" (Katz and Glantz 1976). 


Conversely, such authorities as 
Mitchell, Thompson, and W. 0. Roberts 
have reported a "drought cycle" of 
20 to 22 years in the middle-latitude 
Great Plains steppe of Western United 
States. This cycle correlates im- 
pressively (albeit only statistical- 
ly) with a corresponding cycle of 
solar sunspot activity. In that re- 
gion, climatic conditions seem to 
have alternated between wetter and 
cooler than average in "even" decades 
(e.g., the 1920's and 1940's) and 
drier and warmer than average in 
"odd" decades (e.g., the 1930's, 
1950's, and 1970's), a cycle which 
tree-ring data suggest has persisted 
for several hundred years (Norwine 
1978). 


Although spectral analyses of 
rainfall statistics are as yet in- 
complete, preliminary results strong- 
ly suggest that South Texas and 
Northeastern Mexico are more like 
the Sahelian model than that of the 
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Figure 3. Climatic regions of Texas. 
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Great Plains. That is, while several 
illdefined "trends" do seem to appear 
in the record, no cycle with any pre- 
dictive value is discernible. 


RESULTS AND DISCUSSION 


We shall examine the precipita- 
tion plots for both subregions, be- 
ginning with the subtropical steppe 
of South Texas. 


South Texas. - In South Texas, 
we find the typical subtropical semi- 
arid type atypically located: median 
rainfall for the period is near 25 
inches (600 mm), with extreme vari- 
ability in terms of departure from 
that value being the rule rather than 
the exception. Extremes ranged from 
a regional annual minimum of 9.5 
inches (240 mm) in 1917, when the 
area was briefly true desert, to a 
maximum of 41 inches (1,040 mm) in 
1921. This predominance of exag- 
gerated unreliability is further 
borne out by the failure of the Great 
Plains type 20-year rainfall cycle to 
appear in the record. Major causes 
for this difference must include the 
lower latitude of this region and the 
varying influence of dynamic tropical 
storm paths upon it. 


Two prolonged "trends" may be 


noted: (1) a 25 year moist period 
from 1922 to the late 1940's, with a 
minor interruption in the _ late 
1930's; and (2) a distinct 10-year 
drought during the 1950's. Precip- 
itation regimes prior to 1925 and 
after 1960 are perhaps best con- 


sidered as typically erratic. 


Northeast Mexico - Northeastern 
Mexico is drier than South Texas, but 
precipitation patterns appear to be 
less variable and observable trends 
are longer in duration and _ more 
distinct than in southern Texas. 
Median regional precipitation does 
exceed 20 inches (530 mm), with an 
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annual maximum of 40 inches (1025 
mm) and a mimimum of 14 inches (340 
mm). The period of record for these 
10 stations is less complete than in 
the United States, dating from 192] 
(with missing data at nearly every 
station). Therefore, interpretation 
of the plot of five-year running 
averages for this region is risky and 
even rather premature (Figure 4 and 
5). 


Having stated that caveat, three 
and possibly four interesting trends 
in the graph may be noted (Figure 5). 


First, the period of 1927-1945 (18 
years) was consistently moist in 
northeastern Mexico. Observe’ that 


this phase corresponds to its count- 
erpart in South Texas but is both 
wetter and longer in duration. Sec- 
ondly, a 20-year dry period began 
around 1945 which did not completely 
terminate until 1965. Again, this 
trend has a corollary "dry spell" in 
southern Texas, but in Mexico it is 
much more consistently dry, lacking 
the interruptions of wet years ex- 
perienced north of the border. Final- 
ly, the period of 1965-1975, as in 
South Texas, was distinctly moist (a 
trend which personal observation in- 
dicates persisted at least through 
1976). If one wished to be particu- 
larly bold in interpreting the plot, 
it could be postulated that’ the 
1920's represented the end of a dry 
period similar to that of the 1950's. 
Unfortunately, records prior to 192] 
which might confirm or contradict 
this hypothesis are not available. 


RECENT PRECIPITATION TRENDS: 
BAFFIN BAY, TEXAS 
Baffin Bay is a large, shallow 
estuary located approximately 30 


miles south of Corpus Christi on the 
Texas coast. Here, the rate of 
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evaporation consistently exceeds pre- 
cipitation and results in an average 
annual moisture deficit of from 19 to 
28 inches. Evaporation has its great- 


est affect during the summer months 
when air temperatures are at their 
annua! maximum, rainfall! is low and 


hot tropical winds blow consistently 


from the south and southeast. Average 
annual rainfall in adjacent Kennedy 
and Kleberg countries from 1931 to 


1960 was 26.55 inches. 
Of greater importance than the 
low annual rainfall budget in deter- 


mining bay salinity is its variabil- 
ity and the nonuniformity of its 
distribution (e.g. generally render- 
ing the bay either hyper or hypo- 
saline). Rainfall is normally con- 
centrated during two periods of the 
year, in early fall and, generally 
associated with tropical disturb- 
ances, to a lesser degree in late 
spring and early summer. Examination 
of the 62-year rainfall record for 
Kleberg country beginning in 1918, 
Shows that monthly accumulations of 
more than 10 inches have occurred 
once each in January and April; twice 
each in May, June, and July, nine 
times in September, and three times 
in October. Although the majority of 
the annual rainfall is often equally 
distributed during late fall, winter, 
early spring, and mid-summer, the 
torrential rains of May-June’ and 
September-October result in runoff 
that significantly affects bay sa- 
linity. 


classification of 
moisture conditions 
presented by Behrens and _ Watson 
(1973) states the following: less 
than 19 inches of rainfall drought; 
19 to 24 inches - dry years; 24 to 32 
inches - normal years; above 32 


A general 
south Texas 


inches - wet years. Coupling this 
scheme with rainfall records from 14 
to 20 collecting stations in the 
greater Baffin Bay and Upper Laguna 
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Madre watersheds indicates that con- 
ditions during the last seven years 
were as follows: 1973-wet 1974- 
dry; 1975-normal; 1976-wet 1977- 
borderline dry/normal; 1978-normal; 
1979-wet (See Figures 6 and 7) (Cor- 
nelius 1980). 


CONCLUSIONS 


It has been demonstrated that 
the steppe region adjacen! to the 
western Gulf of Mexico has been char- 
acterized during the 20th century by 
pronounced variability and nonuni- 
formity of precipitation. The normal 
salinity of such estuaries as Baffin 
Bay is therefore either hypersa- 
line (when dry) or hyposaline (when 
moist). The result is an extraordi- 
narily dynamic complex extuarine eco- 
system, one which may well be unique 
among American estuaries. 
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fairly be attributed to the author's 
Lincolnesque use of candlelight...) 
Twenty plus inches of rain from Allen 
ended a year-long drought (only 9 
inches had been received in 1980 
until August 8). 
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ABSTRACT 


Between 1972 and 1978, changes 
in fish and crustacean populations of 
Cedar Bayou Electric Generating Sta- 
tion's cooling lake on upper Galves- 
ton Bay seemed related to rainfall 
rates during winter and spring. Wet- 
ter years favored populations of 
young migratory fishes and crusta- 


ceans; larger, predatory fishes 
tended to be more abundant during 
dry years than during wet years. 


This pattern is consistent with the 
hypothesis that part of the upper 
bay's value as nursery grounds de- 
rives from their low salinities 
which repulse larger fishes, there- 
by protecting juvenile organisms 
from intense predation. Dynamics 
of the cooling-lake community re- 
sponded also to variation in the pow- 
er plant's T (the difference be- 
tween upper discharge-canal and in- 
take-area temperatures) and to the 
occurrence of infrequent fish kills. 


A trend model of system dynamics 
was formulated and tested for in- 
ternal consistency. 
INTRODUCTION 
Texas’ coastal bays are used 


as nursery areas by many species of 
gulf fishes and invertebrates. The 
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common life-cycle involves spawning 
by adults off-shore and subsequent 
movement of the young into the up- 
per estuaries. In these low-salin- 
ity waters, food for young fish and 
crustaceans is abundant, predators 
are relatively scarce, and competi- 


tion with adults is reduced. Gulf- 
ward movement, through waters with 
progressively higher salinity, oc- 


curs as the organisms grow or envi- 
ronmental conditions change (Gunter 
1961). 


The role of rainfall variation 
in productivity of the bays and low- 
er estuaries has been stressed by 
numerous authors. Positive correla- 
tions between the commercial catch 
of white shrimp (Penaeus setiferus) 
and rainfall have been reported by 
Gunter and Hildebrand (1954) and by 
Viosca (1958). Positive correlations 
have been found also between fresh- 
water inflow and white shrimp abun- 
dance in San Antonio Bay (Williamson 
1977). Further, Chapman (1966), in 
an analysis of commercial harvest of 
estuary-dependent fishery resources 
from Texas waters (1956-1962), found 
that a series of wet years was about 
4] percent more productive than a se- 
ries of dry years. Rainfall and fish- 
ery production are linked presumably 
through salinity changes in the bays; 
however, the fertility of bays may 
also vary with rainfall production, 


being greater in wet years when in- 
flow of nutrient-laden runoff is 
higher. 


The objective of this study was 
to gain insight into the dynamics of 
fish and invertebrate populations in 
the upper Galveston Bay estuary. We 
felt that examination of population 
trends in an intensively monitored 
power-plant cooling lake over a 
period of several years might yield 
new information regarding estuarine 
productivity differences between wet 
and dry years. 


STUDY AREA 


Most data used in this study 
were collected as a part of a program 
to monitor ecological effects of the 
Cedar Bayou Electric Generating Sta- 
tion. This Houston Lighting & Power 
Company plant has three 750-MWe natu- 
ral-gas fired units and uses a once- 
through cooling system. 


Cooling water is drawn from 
Cedar Bayou at a rate of 25.3 X 10 
m /hr when all units are operating. 
Cedar Bayou is a small coastal stream 
whose flow is dependent upon rainfall 
in the surrounding watershed. Because 
normal downstream flow is insuffi- 
cient, except during floods, to 
supply the entire cooling-water re- 
quirement, the portion of Cedar Bayou 
downstream from the plant was dredged 
and widened to Tabbs Bay. Thus, the 
power plant's cooling water comes 
from two sources--upper Cedar Bayou, 
which delivers predominately fresh 
water, and lower Cedar Bayou, which 
contains higher salinity water 
(typically 2 to 15 ppt) from Tabbs 
Bay. On the average, about 70 per- 
cent of the cooling water pumped 
through the plant comes from lower 
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Cedar Bayou. The cooling water 
transits a discharge canal (9.7 km 
long), then passes through a 1,053 ha 
cooling lake prior to entering Trin- 
ity Bay. 


Water to be used for cooling 
passes through conventional traveling 
screens that have a l-cm square mesh. 
These screens were revolved and back- 
washed approximately every 8 hours 
during the period when our data were 
collected. Impinged organisms, hav- 
ing been backwashed from the screens, 
are pumped into the discharge canal. 
Aquatic organisms' means of access to 
the cooling lake is to be either im- 
pinged or entrained and then passed 
down the discharge canal. A _ drop- 
structure prevents entry by fishes 
and crustaceans into the cooling lake 
from Trinity Bay, into which the ef- 
fluent is ultimately discharged. 


Landry (1977) found that at the 
P. H. Robinson Power Plant, another 
Houston Lighting & Power Company 
facility, fishes up to 30 mm standard 
length were most susceptible to en- 
trainment while fishes from 30 to 120 
mm were most susceptible to impinge- 
ment. On the basis of Landry's re- 
sults, we believe that only those 
fishes smaller than 120 mm standard 
length are likely to enter the cool- 
ing lake of Cedar Bayou Electric Gen- 
erating Station. 


The cooling lake is a variable 
place. That is, temperature and con- 
ductivity vary greatly within days, 
weeks, months, and years. Tempera- 
ture (3° to 39°C) varies seasonally 
and with the operation of the power 
plant. Conductivity (1 to 30 mmhos/ 
cm= 0-17 ppt) varies with rainfall 
and with the discharge of waste brine 
from the Barber's Hill Oil Field, 
which lies 32.3 km upstream on Cedar 
Bayou; the latter source of variation 
has become less important during 
recent years. 


Substantial industrialization in 
the watershed contributes mostly un- 
known effects. Water from Tabbs Bay, 
which is 3 km from the Houston Ship 
Channel, sometimes contains abnorm- 
ally high levels of industrial and 
domestic sewage (Metyko 1952; Carter 
1970). In addition, upper Cedar 
Bayou receives effluents from petro- 
chemical industries, municipal sew- 
age, and runoff from agricultural and 
land-fill operations. A U. S. Steel 
plate mill discharges 4 to 6 million 
liters of waste-water per day into 
lower Cedar Bayou (Johnson 1973). 


DATA SOURCES 


Biological data for this analy- 
sis came from field studies by the 
senior author (unpublished), Jackson 


(1974), Eidman (1978), St. Clair 
(1978), and Pridgeon (1979, 1980). 
Fortunately, uniform methods’ were 


used throughout the 7-year monitoring 
program; each of us used identical 
stations and collecting gear. Samp- 
ling occurred at biweekly or monthly 
intervals. Biweekly sampling was ad- 
justed to a monthly basis by taking 
the sample whose date was nearest to 
mid-month. Gear used for sampling 
were otter trawls and trammel nets. 
Six paired trawl and trammel-net sta- 
tions were sampled. Trawl-hauls were 
3 minutes in duration and trammel 
nets were fished for 10 minutes. All 
sampling was done at night. 


Hydrological data were collected 
by Hammerschmidt (1973), Holt (1977), 


Chamberlain (1978), Jones (1977, 
1978, 1979), and Ojeda (1980). Con- 
ductivity and temperature averages 


were calculated from daily readings. 
Rainfall and air-temperature data 
were taken from the National Climatic 
Center's summary reports for Texas 
(1972 to 1979). Commercial fishery- 
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catch data were obtained from the an- 
nual summaries of Texas landings (Na- 
tional Marine Fisheries Service 1972 
to 1978), which are tabulated by the 
Texas Parks and Wildlife Department. 
Data for 1979 were provided by James 
Morgan of the National Marine Fish- 
eries Service. 


ECOLOGICAL TRENDS IN CEDAR BAYOU 


COOLING LAKE 


In general, total numbers of 
fishes and crustaceans taken in the 
trawl during the 6-year period, 1973- 
1978 (only fall and winter data were 
available for 1972), followed simi- 
lar trends (Figure 1A, 1B): Catches 


were greater during wetter years. 
This is what might have been ex- 
pected, because smaller organisms 


that are susceptible to a trawl are 
also more likely to be tolerant of 
low salinities or even to be depen- 
dent upon them for their survival 
and well-being. Salinity/size re- 
lationships have been reported for 
various estuarine fishes by Wey- 
mouth, Linder, and Anderson (1933), 
and Gunter (1961); in general, lar- 
ger individuals tend to occur at pro- 
gressively higher salinities. Our 
trammel-net catches of larger fishes 
did not seem strongly related to an- 
nual rainfall (Figure 1C). 


Annual average conductivity in 
the cooling lake was inversely re- 
lated to the total rainfall for that 
year, during 1972 to 1978 (Figure 
2A). There was no indication that 
wetter years were cooler; in fact, 
1973 was both the wettest and warmest 
year (Figure 2B). 


The cooling lake was constructed 
by flooding a subsiding salt marsh in 
May 1972. The initial fauna (Fall 
1972-Summer 1973) was influenced by 
what was there to begin with and by 
what had managed to enter the lake 


via the power plant. During the 
first year, numbers of white shrimp 
(Penaeus setiferus), Atlantic croak- 
er (Micropogon undulatus), and hard- 
head catfish (Arius felis) were high. 
Predatory and forage fishes were not 
abundant. Predatory fishes are here 
defined as large fishes that prey 
upon other fishes and macro-inverte- 
brates; dominant predatory fishes in 
the cooling lake were spotted sea- 
trout (Cynoscion nebulosus) and 
sand seatrout (Cynoscion arenaris). 
(Forage fishes are defined as small 
fishes that do not grow large, hence 
are subject to predation by larger 
fishes, and do not migrate long dis- 
tances. They may reproduce in the 
cooling lake system; these were pri- 
marily bay anchovy, Anchoa mitchilli 


tidewater silverside, Menidia beryl- 


lina, and various members of Cypri- 
nodontidae, Poeciliidae, and Gobi- 
idae). Brown shrimp (Penaeus az- 
tecus, blue crabs (Callinectes sa- 
pidus), and Gulf menhaden (Brevo- 


ortia patronus) were only moderate- 
ly abundant relative to subsequent 
years. The cooling lake experienced 
a fish kill during December 1972. 


During the second year (Fall 
1973-Summer 1974), brown shrimp, At- 
lantic croaker, blue crabs, and for- 
age fish increased while hardhead 
catfish and white shrimp populations 
declined. Predator populations re- 
mained low. Another fish kill was 
observed in December 1973. 


During the third year (Fall 
1974-Summer 1975), initial testing of 
the third generating unit and other 
plant operations resulted in lowest 
values of T (the difference between 
upper discharge-canal and intake-area 
temperatures) recorded during’ the 
study (6.1°C in fall and 5.3°C in 
spring). Conspicuously, brown shrimp, 
blue crabs, and menhaden obtained 
their peak numbers during this year. 
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Larger numbers of predators appeared 
in the trammel net. Catches of white 
shrimp and forage fishes increased 
while croaker catches declined. Hard- 
head catfish hit their 7-year low. 


During the fourth year (Fall 
1975-Summer 1976), another fish kill 
occurred in December. Predator and 
menhaden catches declined drasti- 
cally, while catches of brown shrimp, 
croaker, and blue crabs declined to 
a lesser extent (probably the pre- 
dators were most affected by the fish 
Kills). White shrimp and forage 
fishes achieved noticeable peaks. 
Hardhead catfish began increasing in 
numbers. 


During the fifth year (Fall 
1976-Summer 1977), numbers of pre- 
dators and hardhead catfish in- 
creased while catches of white 
shrimp, forage fishes, blue crabs, 
croaker, menhaden, and brown shrimp 
declined. 


In the sixth year (Fall 1977- 
Summer 1978) predators and hardhead 
catfish obtained their 7-year highs, 


while croaker, blue crabs, white 
shrimp, and menhaden fell to their 
7-year’ lows. Forage-fish catches 


were at their lowest levels since 
the cooling lake's first year. Brown 
shrimp declined. Total rainfall dur- 
ing 1977 was the lowest since 1969; 
conductivity remained high into the 
first half of 1978. Average T of 
the Power plant reached its /-year 
high in summer 1978 (10.9°C). 


In the seventh year (Fall 1979- 


Summer 1979, hardhead catfish re- 
mained numerous while predators de- 
clined. Forage fish,  menhaden, 


croaker, blue crabs, and white shrimp 
increased. Brown shrimp declined to 
their 7-year low. Rainfall was high, 
conductivity was low. 
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Figure 1. Annual catches of fish by trawling (A), crustaceans by trawling 
(B), and fish by trammel-netting (C), during 1973 to 1978 from the cooling 
lake as a function of annual rainfall. 
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340 


A TREND MODEL AND ITS STATISTICAL 


INTEGRITY 


The above relations were formed 
into a conceptual model of cooling- 
lake dynamics (Figure 3). In our 
view, the principal response sequence 
and its ecological basis are as fol- 
lows: (1) Rainfall during the win- 
ter-spring inversely affects’ the 
cooling lake's salinity. (2) If 
Winter-spring rainfall is low, cool- 
ing-lake salinity remains at rela- 
tively high levels, which favors 
overwintering predatory fish (Figure 
4); otherwise, salinity declines to 
levels that are stressful to preda- 
tory fishes, perhaps causing’ them 
to emigrate from the lake. (3) Large 
numbers of predatory fishes over- 
wintering in the lake during rela- 
tively dry years consume croaker, 
forage fishes, menhaden, shrimps, 
and crabs in numbers’ sufficient 
to reduce populations of these forms. 
(4) Populations of brown’ shrimp, 
blue crab, forage fishes, and men- 
haden respond inversely to T of the 
power plant. Large Ts increase mor- 
tality rates among entrained and im- 
pinged organisms, thus reducing their 
recruitment to the cooling lake. Heat 
killed and disabled organisms enter- 
ing the cooling lake are consumed by 
such facultative scavengers as hard- 
head catfish, which consequently 
benefit from higher Ts. The trend 
toward increased Ts since 1974 par- 
allels a progressive increase in the 
volume-flow of water through the 
cooling system. Therefore, some T- 
correlated biotic responses may re- 
flect gradually increasing lake tem- 


peratures rather than increasing T 
per se. (5) Croaker and hardhead 
catfish populations interact  dur- 
ing winter-spring, resulting in an 
inverse relationship between their 
population densities (Figure 5). 
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Hardhead catfish are favored over 
croaker during dry winters in which 
croaker are subject to intense pre- 
dation. Normally, hardhead catfish 
do not overwinter in Texas' upper 
estuaries; hardhead catfish do re- 
main in the cooling lake, presum- 
ably because temperatures become un- 


favorable in the downstream portion 
before further decline of tempera- 
ture would otherwise induce imigra- 
tion from the warmer, receiving end 
of the cooling lake. Thus, _ hard- 
heads are trapped at the warm end 
of thermal gradient and so must 
overwinter in the cooling’ lake. 


(6) The size of croaker populations 
in the cooling lake during winter- 
spring depends partly upon Galves- 


ton Bay system's spawning’ stock, 
the size of which is reflected by 
commercial catch rates of croaker 


during the previous year (Figure 6). 
(7) Events related or unrelated to 
rainfall occasionally result in win- 
ter-kill of predatory fishes in the 
cooling lake; populations of prey 
Organisms are largest during winter- 
spring periods that follow early 
winter-kills. 


Internal consistency of the 
is indicated by the extent to 
hypothesized relationships 
variables (rainfall, 1/con- 
1/T, 1l/predator, croak- 
er, forage fish, white shrimp, 1/ 
hardhead, blue crab, brown shrimp, 
and menhaden) were concordant (Fig- 
ure 7). Over all variables (11) 
and years (7), Kendall's coefficient 


model 
which 
among 
ductivity, 


of concordance was 0.36 (p< 0.01; 
see Siegel 1956). When the model 
was reduced by deleting one vari- 
able (from most concordant to least 
concordant with trend of the other 


variables): 


1. hardheads; blue crabs 
2. T; menhaden; croaker 
3. brown shrimp; white shrimp 
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Figure 3. Conceptual model of relations among driving variables and biotic responses in the cooling 
lake. A "plus" symbol indicates direct proportionality; a "minus" symbol, inverse proportionality. 
F/W = fall and succeding winter; W/S = winter and succeeding spring; S/S = spring and succeeding 
summer . 
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Relation of annual commercial catch of croaker from Galveston Bay with the trawled catch 
of croaker from the cooling lake during the succeeding winter-spring. 
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4. predators 
5. forage fish 
6. conductivity 
7. rainfall 
Thus, the most concordant variables 


were T and associated biotic vari- 
ables (hardheads, blue crabs, croak- 
er, menhaden), while the least con- 
cordant were those associated with 
rainfall and conductivity (preda- 
tors) and those biota whose numbers 
were low during initial lake opera- 
tion (predators and forage fish), 
and those most affected by fish 
kills (predators). 


Eliminating conductivity and 
rainfall from the model increased 
Kendall's coefficient from 0.36 to 
0.52. Eliminating T lowered the co- 
efficient to 0.34. Elimination of 
all three forcing variables in- 
creased the coefficient to 0.67, in- 
dicating greater agreement among bi- 
otic elements than for the model as 
a whole. This result was to be ex- 
pected because part of the cooling- 
lake fauna seems to be influenced by 
T and the other part seems driven 
by salinity/predator interactions. 
Moreover, biotic responses reflect 
the operation of many environmental 
variables not included in the model. 


When the model was reduced by 
deleting one year at a time, years 


ranked as follows (from most to 
least concordant): 

1. 1977 

2. 1974 

3. 1976; 1978 

4. 1973 

5. 1975 

6. 1972 
The least concordant year was the 
cooling lake's initial year. The 
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two most concordant years were those 


with high numbers’ of predatory 
fishes. The three years having the 
least concordance were the ones 


which had reported fish kills. When 
the model was reduced by deleting 
the three least concordant years, 


Kendall's coefficient went from 
0.36 to 0.60. 


CONCLUSION 


Our analysis has uncovered 
ecologically interpretable patterns 
in the changing structure of a Tex- 
as estuarine community. While these 
patterns seem reasonably related to 
temporal variation in watershed rain- 
fall and consequent variation in 
habitat-salinity, complexity is added 
by the selective filtering action of 
a steam-electric power plant through 
which all immigrants to the community 
must pass. 
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ABSTRACT 


Nitrogen, phosphorus and carbon 
loadings in the estuary have in- 
creased since the early 1920's. Algal 
and plant vegetation have undergone 
three major population and community 
shifts during the period of increased 
nutrient loading. Carbon loadings 
began to decline in the late 1950's 
with phosphorus decreasing in 1970. 
Nitrogen loadings have remained ele- 
vated with a small decline in the 
mid-70's. Extensive wastewater phos- 
phate removal processes were ini- 
tiated in 1974. During the summer 
of 1977 (a below-average flow peri- 
od), the maximum was 80 g/l for a 
14-km reach of the estuary. The 
algal populations in 1979 were mixed, 
indicating that the water quality in 
the upper estuary is improving due to 
phosphorus being reduced by extensive 
removal from wastewater discharges. 
The Potomac River Estuary received 
in 1980 approximately 1.7 x 10 
liters/day (460 mgd) of wastewater 
discharges from 8 sewage treatment 
plants in the upper estuary, which 


during low flow periods contribute 
significantly to the freshwater flow 
into the estuary. 
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INTRODUCTION 


The "Clean Water Act" (P.L. 92- 
500), entitled "The Federal Water 
Pollution Control Act Amendments of 
1972," affirms the biological in- 
tegrity of the Nation's waters. This 
objective, which is seemingly simple 
and precise, nevertheless presents a 
complex challenge of surprising mag- 
nitude when applied to the _ real 
world. The absence of an environ- 
mental awareness during decades of 
industrial and urban/suburban devel- 
opment has exacted a heavy toll that 
is evident today in our diminished 
quality of life and our dwindling na- 
tural resources. An historical per- 
spective of the events which have in- 
fluenced the ecological health of the 
Potomac Estuary is presented in Table 
l. 


Numerous technical studies have 
been conducted and reports written 
about the water qualty of the estu- 
ary. Most of them deal with a short- 
term perspective of the changes tak- 
ing place therein. Questions relat- 
ing to cost-effectiveness of alterna- 
tive treatment control processes and 
the benefits to the ecology of the 


Table 1. Historical perspective. 


1608 


1730 


1787 


1790 


1842 


1860 


1863 


1870 


1886 


1889 


1894 


1912 


1920 


1920 


Captain John Smith describes the Potomac as "fed with many small rivers 
and springs, frequented by otters, beavers, martins, and sables. Nei- 
ther better fish, more plenty, nor more variety for small fish had any 
of us ever seen in a place." 


The lower Potomoc carries a great deal of commerce of tobacco, shad, 
herring and lumber. 


The Potomac River Fisheries Compact is signed, which guarantees equal 
fishing rights to Virginia and Maryland but gives ownership of the 
river to Maryland. 


Vice-President Adams swims daily in the Potomac Estuary. 


The Baltimore and Ohio Railroad is completed, which discharges raw 
wastes from its passenger cars into the Potomac at bridges. 


President Lincoln is forced to vacate the White House on some late 
summer nights due to the odor of the Potomac (presumably raw sewage or 
a local blue-green algal bloom). 


Beginning of public water supply in Washington, D.C. 


Untreated human wastes are carried into the river by eight miles of 
sewers and culverts. 


Microbiologist W.K. Brooks conducts first biological study of Potomac 
River (primarily of Chesapeake Bay). 


A group of engineers is appointed by President Benjamin Harrison to 
find a better sewage disposal system. 


The Public Health Service reports that the Potomac is so loaded with 
sediment and fecal bacilli at certain times of the year that it is un- 
fit for bathing, cooking, or drinking. 


First biota data collected (by Abel Wolman and others) on the Potomac 
River (Potomac River Survey, U.S.P.H.S.). Very heavy algal growth on 
mud flats below Washington considered as valuable purification mecha- 
nisms by Professor Phelps. The population of Washington now exceeds 
300,000. 


Officials agree that Washington's sewage should be treated before it is 
discharged into the Potomac. 


Water chestnut invasion begins. Eventually it reaches proportions where 


the Army Corps of Engineers have to initiate a mechanical removal 
project to unclog areas for navigation. 
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Table 1. Continued 


_—- 2 ee eae ee ee eee 


1938 


1940 


1948 


1957 


1959 


1965 


1966 


1967 


to 
1970 


1968 


1969 


1969 


1970 


1970 


1971 


The Blue Plains Sewage Treatment Plant begins operation, but provides 
only primary treatment. 


The Interstate Commission on the Potomac River Basin is formed and 
given the task of monitoring water quality and activities which affect 
it throughout the basin. 


Water milfoil (Myriophyllum spicatum) replaces water chestnut in many 
areas and nuisance conditions develop. 


First Potomac Enforcement Conference, recommended upgrading existing 
sewage treatment plants. 


Secondary sewage treatment is added at Blue Plains and consists of 
aeration, filtration, and chemical treatment. 


The Water Quality Act, which first set certain required water quality 
standards, is passed. 


Water milfoil disappears suddenly. 


Blue-green algae, especially Anacystis, Anabaena, and Osicillatoria, 
dominate milfoil and chestnut are still present but not dominant. 


Chlorination is initiated on the effluent of sewage treatment plants 
in the Washington area. 


Second Potomac Enforcement Conference held. An official from the Fed- 
eral Water Pollution Control Administration described the river as 
"a severe threat to the health of anyone coming in contact with it" 
because of bacterial contamination. Raw solid sewage can be seen 
floating on the surface after rains and fish kills related to low 
dissolved oxygen occur. 


Recommendation from the Potomac Enforcement Technical Advisory Commit- 
tee and Assistant Secretary of Interior. Initiation of water quality 
studies by the Chesapeake Technical Support Laboratory (CTSL) which is 
now the EPA Central Regional Laboratory. 


As a result of the second conference, a Memorandum of Understanding was 
adopted between D.C., MD., and VA. which formalized water quality re- 
quirements and goals. 


The Environmental Protection Agency (EPA) is established, taking res- 
ponsibility over water-quality improvement programs. 


The D.C. Health Department prohibits recreation of swimming in the Po- 
tomac, Rock Creek, and Anacostia River. 
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Table 1. Concluded 


1972 The "Georgetown Gap", a storm drainage outlet which sometimes pours 25 
million gallons of raw sewage daily into the Potomac, is closed. 


1972 P.L. 92-500 the Federal Water Pollution Control Act Amendments ("The 
Clean Water Act") enacted by Congress. 


1974 Blue Plains begins trial program of phosphorus removal from waste wa- 
ter discharges (both alum and ferric chloride). 


1975 Chlorination has reduced bacteria counts, but problems remain with 
algal blooms, sediment, and low dissolved oxygen (DO). 


1976 Arsenic from a chemical plant in Alexandria is discovered in the Po- 
tomac. 
1977 Blue Plains improves secondary treatment facilities and reduces the 


volume of pollutants entering the Potomac. 


1979 First primary productivity versus light (irradiance) penetration 
(spectral distribution-quantitative and qualitative) studies. 


1980 Advanced wastewater treatment is scheduled to begin with the comple- 
tion of the new Blue Plains facility, which will remove over 80 to 
85% of the phosphorus from the effluent. In July, nitrification (re- 
moval of nitrogenous oxygen demand) 50% operational with full plant 
operational by October. 


1981 Multi-media filter system scheduled to be operational at Blue Plains 
in June. 


Adapted from "Clean-up Chronology" by the Interstate Commission on the Potomac 
River Basin and other sources, Washington Post, November 10, 1977. 
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estuary resulting from these programs 
are difficult to address. In many 
cases, the data are not available to 
adequately assess these issues, or 
wastewater control processes have not 
been in place long enough to deter- 
mine any cause-and-effect relation- 
ship, beneficial or otherwise. This 
paper attempts to review the waste- 
water loadings to the Potomac River 
Estuary from 1913 to 1980 with em- 
phasis on water quality in the past 
decade during which major wastewater 
control processes were implemented. 


DESCRIPTION OF STUDY AREA 


The Potomac River Basin is the 
second largest watershed in the Mid- 
dle Atlantic States. It flows through 
four states (West Virginia, Pennsyl- 
vania, Virginia, and Maryland) and 
has a cgmbined drainage area of 
38,000 km” (14,670 mi’). The river 
is about 544 km (400 mi) long. The 
Potomac River Estuary is the last 
182 km (114 mi) of the main stem of 
the Potomac River, from the furthest 
extent of the tidal influence near 
Chain Bridge (the Fall Line, which 
is just above Washington, D.C.) to 
its confluence with the Chesapeake 
Bay at Point Lookout (Figure 1). The 
mouth of the estuary is 9.65 km (6.0 
mi) wide at Point Lookout and de- 
creases gradually to less than 0.8 km 
(0.5 mi) through Washington, D.C. The 
maximum depth is 32.6 m (107 ft).The 
U.S. Army Corps of Engineers has in 


nel that is 7.3 m (24 ft) deep from 
the mouth of the estuary to Washing- 
ton, D.C. However, extensive dredging 
has not taken place since the mid- 


1960's due mainly to the lack of 
suitable dredge material disposal 
sites. The mean tidal range is about 


0.9 m (2.9 ft) near Washington and 
about 0.4 m (1.4 ft) near the Chesa- 
peake Bay. The lag time for the tidal 
phase between Washington and_ the 
Chesapeake Bay is about 6.5 hours 
(Jaworski et al. 1971; Mason and 
Flynn 1976; Champ et al. 1978; Lipp- 
son et al. 1979). 


The Potomac ranks eighth among 
Atlantic seaboard rivers in average 
daily discharge, having an average 
freshwater inflow to the estuary of 
314 m/s (11,100 ft°/s). The maximum 
and minjmum flows o record are 
13,700 m/s (484,000 ft /s), observed 
in 1936, and 17.0 m/s (600 ft/s), 
observed in 1966. In comparison, the 
maximum flow recorded during Tropigal 
Storm Agnes, in 1972 was 10,167 m/s 
(359,000 ft~/s). 


The Potomac River Estuary is de- 
lineated geographically by the extent 
of tidal influence (ebbing and flood- 
ing). The estuary is divided into 
three reaches on the basis of salin- 
ity, as shown in Figure 1 (from Pfit- 
zenmeyer 1976). Chain Bridge is com- 
monly used as the reference point for 
the upstream boundary, even though 
this boundary in reality is Little 


the past maintained a navigable chan- Falls. (See Chart 1). 
CHART 1 
River 
Reach Description Kilometers 


I. Tidal Freshwater 
(Limnetic 0.5 ppt) 
Il. Mixing Zone 
(Oligohaline 0.5-5.0 ppt) 
Il]. Estuarine: 
(Mesohaline 5-18 ppt) 


ppt = part per thousand 


Chain Bridge 211-124 (87) 


to Quantico 


Quantico to 124-87 (37) 
Morgantown 
Morgantown to 87-0.0 (87) 


Chesapeake Bay 
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Figure 1. The Potomac River Estuary with the three perpetual salinity zones 


indicated. 
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These three salinity zones 
differ markedly in their physical and 
chemical characteristics and in their 
abilities to sustain various bio- 
logical communities. In this sense 
salinity is one of the most important 
factors affecting aquatic life. The 
upper reach is primarily a freshwater 
zone containing spawning and nursing 
areas for anadromous fish and is 
noted for high phytoplankton and zoo- 
plankton productivity. This tidal 
freshwater reach is impacted by major 
municipal wastewater discharges which 
from 1979 to 1980 had a_ combined 
averagé waste flow of approximately 
20.2 m/s (460 mgd), (Villa in prepa- 
ration). 


The second reach, which is 32.2 
km (20 mi), is the mixing zone. This 
is a low, brackish, or oligohaline 
zone where salinity is highly var- 
iable and is dependent on the season, 
the point in the tidal cycle, and the 


7 ppt over the water column depending 
on the season and forage fish popula- 
tions, and moderate phytoplankton and 
zooplankton productivity. 


The lower reach is a 75.6-km 
(47-mi) stretch which has an average 
salinity of 12 ppt (ranging from 5 to 
18 ppt). Within this reach are large 
forage fish populations, predator 
fishes, blue crabs, oysters, and 
clams. 


MORPHOMETRY 


The basic morphometric data for 
the three reaches of the Potomac 
Estuary (Jaworski 1977) are tabu- 
lated in Chart 2. Because of tidal 
action and low salinity, the upper 
reach is unstratified. Stratifica- 
tion begins in the middle reach 
during summer’ conditions. In the 
lower reach, stratification occurs 


depth. Salinity may vary as much as mostly during summer conditions. 

Chart 2 

Upper Middle Lower 

Length (km) 87 37 87 
Avg. depth (m) 4.8 5.1 7.2 
Avg. width (m) @ 1100 3625 9740 
Surface area (mn? x 10° 57.4 211.6 695.2 
Volume (m> x 10’ 26.4 102.5 496.5 
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HYDROLOGY The hydraulic detention time for any 
given reach of the tidal system de- 
| The mean monthly flows of the pends on the rate of freshwater in- 
Potomac at Little Falls (station No. flow. The water renewal time for the 
01646502) are tabulated below for the three reaches (Jaworski 1977) are 
reference period of 1931 to 1980 given in Chart 4 for the 5, 50, and 
(USGS-Towson, MD). These have been 95 percent flow conditions. This 


adjusted for riverflow diverted (just tabulation indicates that the upper 
below Little Falls) for water supply reach has relatively short detention 
(See Chart 3). times, while the lower reach has 


times similar to that of most lakes. 
Tides dominate the currents in 


the Estuary. Typical miximum tidal fhe upper Potomac River Basin is 
velocities (Jaworski 1977) for the the major source of freshwater inflow 
three reaches are: into the estuary. From 1930 to 1968, 
the average flow at, Little Falls was 
Reach Velocity (cm/sec) 317 m/~s (11,190 ft~/s), or 7,234 mgd 
before diversions for municipal water 
Upper 25 supply. Table 2 presents mean yearly 
Middle 28 discharges (Jan.-Dec.) into the upper 
Lower 18 Potomac River estuary for 1931-1980. 
Chart 3 
Mean Mogthly Flow Mean Mogthly Flow 
(m/sec) (m~ /sec) 
January 397 July 145 
February 375 August 154 
March 667 September 14] 
April 562 October 219 
May 413 November 200 
June 263 December 305 
Chart 4 
low Percent of time Hydraulic Detention Time (years) 
(m”/sec) flow exceeded Upper Middle Lower _—‘Total 
40 95% 0.21 0.81 3.95 4.07 
185 50% 0.045 0.175 0.854 1.07 
1150 5% 0.0073 0.028 0.137 0.17 
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Table 2. Mean yearly river discharges* (Jan. - Dec.) in n”/s into the head- 
waters of the Potomac River Estuary for 1931-1980. 


—_—_— 


Year m/s Year n°/s 
1931 170 1958 337 
1932 309 1959 193 
1933 380 1960 314 
1934 227 1961 351 
1935 334 1962 309 
1936 453 1963 235 
1937 518 1964 278 
1938 204 1965 238 
1939 303 1966 201 
1940 354 1967 320 
1941 198 1968 258 
1942 405 1969 156 
1943 309 1970 357 
1944 272 1971 411 
1945 343 1972 609 
1946 258 1973 425 
1947 198 1974 300 
1948 368 1975 453 
1949 388 1976 348 
1950 380 1977 266 
1951 362 1978 412 
1952 445 1979 593 
1953 331 1980 327 
1954 215 

1955 326 

1956 292 

1957 255 


Sources: USGS Annual Water Year Reports, Water Resoncces Data for Maryland 
and Delaware. 


*USGS Station 1646500 near Washington, D.C. (Little Falls - 1.2 mi [1.9 km] 
upstream form Chain Bridge, adjusted for amounts diverted for municipal use). 


358 


Table 3. Total estimated wastewater loading trend for upper Potomac River 
Estuary (from the greater Washington, D.C. area) for indicated years and para- 
meters. 


Wastewater 
Populagion Flow BOD, TN TP 

Year (x10) (m/s) (MT/day) (MT/day) (MT/day) 
1913 0.3 1.8 26.3 2.9 0.5 
1932 0.6 3.9 46.7 5.2 0.9 
1944 1.2 7.3 64.0 10.4 1.8 
1954 1.4 8.5 90.7 14.4 2.5 
1957 1.7 9.2 92.5 15.2 2.9 
1960 1.9 9.7 50.0 16.9 4.5 
1965 2.1 13.4 56.7 19.0 8.5 
1968 2.4 14.0 59.0 22.7 9.1 
1969 2.5 14.0 58.5 25.0 9.6 
1970 2.5 14.1 64.0 27.2 10.9 
Parameter 1968 1970 1977 1978 1979 
Wastewater 

Flow (m>/s) 14.0 14.1 15.8 17.7 18.8 
BOD, (MT/day) 61.7 64.0 33.8 40.8 29.9 
TOC (MT/day) 45.4 45.4 37.2 26.3 25.0 
TKN (MT/day) 25.0 27.2 22.2 23.6 21.8 
NH., (MT/day) 18.6" 18.7 19.5 21.3 20.4 
NO, + NOS, (MT/day) 1.7 1.7 0.8 1.1 1.0 
TPO), (MT/day) 32.2 10.0 7.7 
Pi as PO), (MT/day) 20.9 7.3 4.5 
Inorg Ni Inorg P 
Ratio's (by Atoms) 6.8:1 20:1 34:1 


MT = Metric tons (tonnes) 


Sources: EPA (1969, 1970), Clark and Roesch (1978), EPA Water Quality Data 
Sheets, Central Regional Laboratory and EPA STORET. 
Estimated as 75% of TKN (based on other historical data). 


*“* Estimated as 65% of TPO, (based on other historical data). 
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NUTRIENT SOURCES 


Four nutrient sources dominate 
nutrient loading into the estuary: 
(1) wastewater discharges (STP-point 
source), (2) upriver nutrient load, 
(3) urban/suburban runoff (storm, and 
combined sewer overflows and _ non- 
point sources), and (4) biochemical 
and chemical processes. Depending on 
river flow, turbidity, and water tem- 
perature, any one of these sources 
can be dominant and can vary both 
temporally and spatially. 


In an estuary the temporal and 
spatial changes which occur in the 
plant and algal community are influ- 
enced by physical, chemical, and bio- 
logical factors. The most influential 
physical and chemical factors include 
light (spectral distribution), salin- 
ity, and nutrient levels. Zooplank- 
ton predation is the dominant bio- 
logical factor which affects the di- 


versity and abundance of the phy- 
toplankton community (Fogg et al. 
1973). In order to understand the 
complex interrelationships and_ the 
nature of eutrophication in the Po- 


tomac River Estuary, one must be able 
to delineate the physical, chemical, 
and biological factors which are in- 
volved in the production and reduc- 
tion of organic matter. Champ (1975) 
defined eutrophication as "the build- 
up of rapidly cycled organic matter” 
in which photosynthesis, respiration, 
and mineralization are complex pro- 
cesses that affect the overall health 
of a body of water in critical ways. 
The processes of production and re- 
duction of organic matter can also at 


times dominate water quality para- 
meters in the Potomac Estuary (BOD, 
pH, algal and _ bacterial biomass, 
etc.). 
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WASTEWATER ENRICHMENT 
TRENDS (1913-1980) 
In the 


wastewater 
in an overall 


Potomac River Estuary, 
discharges have resulted 
degradation of water 
quality characterized by increased 
nutrient levels and major shifts in 
submerged plant and algal popula- 
tions, (See Figure 2, modified by 
Jaworski et al. 1971). Since the 
1980's, the degraded water quality 
has resulted in a series of nuisance 
plant infestations Bartsch 1954; 
Stotfs and Longwell 1962; Jaworski et 
al. 1969; Pheiffer 1976). The early 
plant community was dominated by wa- 
ter chestnut, which presented a prob- 
lem by clogging the tributaries of 
the upper estuary. In the 1940's 
and 1950's, an extensive invasion of 
Eurasian water milfoil (Myriophyllum 


spicatum) and a small incidence of 
blue-green algae replaced water 
chestnut as the dominant nuisance 


plants. During the 1950's and 1960's, 
the estuary was characterized by mas- 
sive blooms of blue-green algae which 
were dominated by Anacystis cyanea. 
These blooms continued until 1977, 
when Pseudo anabaena catenata_ re- 


placed Ana cysitis as the dominant 


species of undesirable blue-green 
algae (Clark et al. 1980). During 
1978 to 1980, there was increased 


algal diversity with smaller isolated 
blue-green algal blooms of short dur- 
ation. 


enrichment 
nitrogen, and 

to 1980 are 
Overlaid on the 


Wastewater nutrient 
trends for carbon, 

phosphorus’ from 1913 
plotted in Figure 2. 

same axis are the major shifts in 
submerged plant and algal  popula- 
tions. The nutrient enrichment trend 
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Figure 2. Wastewater nutrient enrichment trends and ecological effects 


in the upper Potomac River Estuary. 


> 


appears to have an ecologically sig- Comparison of river low flow 


nificant correlation with the devel- and wastewater flow into the estuary 
opment and alteration of dominant finds that at low river flow, the 
plant and algal populations, which sewage treatment plants’ contribute 
could be characterized as the stages Significant freshwater flow into the 
of eutrophication for the Potomac estuary (See Table 4). The percent- 
River Estuary. However, field and ages calculated here are only valid 
laboratory data are available only for low flow-draught conditions when 
for the correction of blue-green al- storm runoff would not be present and 
gal blooms subsequent to _ nutrient be considered as a source. Percent- 
enrichment. Similar data are scarce ages calculated in Table 3 during 
for correlation with the invasion and high flow (over Little Falls) are 
disappearance of major submerged erroneous by being too high because 
aquatic plants. The shift here is storm flow occurred into the estuary, 
probably nutrient driven (with each but was not used in the calculation. 
successive species more adapted to, It is interesting to note that during 
tolerant of, or competitive with nu- the lowest flow recorded to date 
trient enrichment); however, the (1966), that wastewater discharges 
Sharp decline of these submerged contributed 46 percent of the fresh- 
aquatic plants could also be attri- water flow, and that for the data 
buted to increased turbidity in the available the range was 6 to 22 per- 
water column or an unknown plant dis- cent with an average of approximately 
ease (virus, as proposed by Bayley et 12 percent, not correcting for storm 
al. (1968). Therefore, data are not runoff, which might lower the 6 per- 
available to substantiate our belief cent to 3 percent. 

that these plant and algal responses 

are really aquatic successional res- The nutrient budget that existed 
ponses produced by continuous source in the Potomac in the mid- and late 
nutrient enrichment. 60's is substantially different from 


the one that was present in the late 
70's. The relative contributions and. 
WASTEWATER NUTRIENT LOADS mass loadings from the Potomac River 
(measured at Chain Bridge) and from 
wastewater loadings have changed sig- 


The wastewater loading trend, nificantly, particularly for _ phos- 
with accompanying Washington D. C. phorus. 
area population growth and municipal 
wastewater discharges into the A comparison is given in Chart 5 
estuary from 1913 to 1979 is pre- of Chain Bridge wastewater loads 
sented in Table 3. (MT/day) for 1968 and loads in the 
Chart 5 
Year —~=~Chain Bridge j=  £Wastewater Loads 
Phosphorus Nitrogen N:P Phosphorus Nitrogen N:P 
MT/day MT/day (by atoms) MT/day MT/day (by atoms) 
1968 0.7 1.5 1.105 | 9.2 25.0 3.409 
1978 0.5 1.4 0.874 2.6 22.4 19.76 
Source: EPA (1969), Clark et al. (1980), and STORET 
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Table 4. Comparison of mean river low flow (over Little Falls into the estu- 
ary, with water supply diversions removed) to total Washington, D.C. wastewa- 
ter flows in (m/s) with percentage of wastewater flow to total flow calcu- 
lated. 


Total** 
Mean* River Washington, DC Percent 
low flow (July, wastewater wastewater 

Year Aug. Sept.) (m/s) annual flows (m/s) to river flow 
1932 58.6 3.9 6 
1944 62.0 7.3 10 
1954 70.5 $.$ 11 
1957 53.1 9.2 15 
1960 117.2 9.7 8 
1964 53.0 11.9 18 
1965 46.0 12.5 21 
1966 (75 days) 15.1 13.4 46 
(July-Sept 13) 

1967 150.4 13.5 8 
1968 76.3 14.0 16 
1969 153.2 14.0 8 
1970 144.7 14.1 9 
1977 56.8 15.8 22 
1978 230.8 17.7 7 
1979 318.8 18.8 6 
1980 106.4 20.7 16 


* USGS Towson, MD 
* Summed from 8 treatment plants data reports 
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river (above the estuary) at a simi- 
lar ftlow by regression (2,800 cfs, 
79.3 m/s) for 1978 which indicates 
that wastewater phosphorus loads have 
decreased by approximately 70 per- 
cent, while freshwater phosphorus 
inputs from the river to the estuary 
have decreased by approximately 30 
percent in the upper estuary. 


Under conditions that existed 
in the upper reach in the late 
1970's, ,at flows above 5,000 ft/s 
(14.6 m’s), the freshwater input is 


the major contributor of nutrients to 
the upper reach of the Potomac ;, at 
flows between 2,000 to 5,000 ft/s, 
the wastewater discharges in the up- 
per reach dominate the system, ang at 
flows below 2,000 ft/s (56.6 m/s) 
during high temperature periods, bio- 
chemical processes dominate the upper 
reach. 


DIFFUSE NUTRIENT SOURCES 


Nutrient data or estimates on 
diffuse sources for the Potomac 
Estuary are generally unavailable or 


are rough estimates. However, based 
on scarce data, a mass loading can 
be estimated from nonpoint sources, 
point sources and benthic sediment 


releases. Tables 5 and 6 represent 
estimates for these sources for 1977 
and 1978. The data in Table 5 is for 
a 53-day period (July 18 to Sep- 
tember 7) during the summer of 1977. 
The data in Table 6 is for a 73-day 
period (July 17 to September 27) dur- 
ing the summer of 1978. In compar- 
ing the data of these two vears, the 
varying hydrological conditions which 


existed in those two years must be 
taken into consideration. Nineteen 
seventy-seven was a low-flow year 


having an average sumpe r flow of.ap- 


proximately 1,500 ft/s (42.5 m/s) 
and many localized storms of short 
duration, whereas the summer of 1978 
was characterized by higher and more 
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and more erratic flows that greatly 
influenced water quality (Clark et 
al. 1980). River flows during the 


1928 study perigqd ranged from 35 ,Q00 


ft~/s (991.2 m/s) to 2,200 ft/s 
(62.3 m 18), with an average flow of 
6,900 ft~/s (195.4 m/s). Rainfall 


during the two study periods was com- 
parable with 6.4 inches (16.2 cm) in 
1977 and 7.4 inches (18.8 cm) in 
1978. In 1978, the basin-wide storms 
had greater impact on base flow and 
therefore increased the Chain Bridge 
(upper boundary of the estuary) in- 
put to the estuary. Although in some 
cases the loading of materials coming 
into the system are on the same order 
of magnitude, the storm-related in- 
puts are delivered into the estuary 


on a very short time scale. These 
short pulses delivering large load- 
ings may impose a shock on the sys- 
tem. Furthermore, if these loadings 


occur at a time of substantially re- 
duced residence time, then nutrient 
expression (algal uptake) may be re- 
duced. The significance of Tables 5 
and 6 is that; (1) the CSO sources 
are insignificant as a source of mac- 
ronutrignts, (2) at low flow (1977 - 
42.5 m/s), point sources are the 
dominant source of phosphorus, while 
at lighter flows (1978 - 195.4 m/s), 
the upper basin and the STPs_ con- 
tribute equal amounts of phosphorus, 
and (3) the contribution of phos- 
phorus from the bottom is insignifi- 
cant in the upper reach; but is the 
dominant source in the lower reach. 
These estimates need additional veri- 
fication; they are presented here as 
a focus for future studies. 


NITROGEN/PHOSPHORUS RATIOS 


of the nitro- 
as developed 


Using the concept 
gen-to-phosphorus ratio 
by Redfield, insight gained 
into the possible nutrients that lim- 
it the growth of phytoplankton in the 


can be 


Table 5. Estimation of major nutrient loads (in million metric tons) tor the upper Potomac River 
Estuary (1977 study period), 


Input Category (million tonnes) 


Parameter Point Source (STP)* Upper Basin” CSo* Urban Benthic Release 
BOD 1.77 0.50 0.15 1.32 
Total N 1.22 0.14 0.01 0.14 Reach t 0.24 ‘© 
11 0.84 °° 
t11 4.54 ‘© 
Total p\” 0.18 0.01 0.007 0.04 Reach t 0.009 ‘©? 
Ir 0.14 © 
111 1.00 §° 
(a) combined sewer overflow 
(b) storm runoff 
(c) Station Locations 
from USGS**: Reach I Tidal River Rm 60-95 
[Il Transition Zone Rm 38-60 
[lI Estuary ‘ Rm 5-38 3- 
Total N (converted ) from NH, flux; Total P from PO, as P 
(d) 


as P 


C 


Days in Study Period: 53 


Sources: “data from: Clark and Roesh, 1978; Champ, 1978, 1979. 
**USGS, Callender, 1979, (Unpublished manuscript). 


Table 6. Estimation of major nutrient loads (in million metric tons) for the 


Estuary (1978 study period). 


Input Category 


Parameter Point Source (STP)* Upper Basin* csox (4) Urban ‘>? Benthic 
BOD, 2.99 3.22 0.21 1.90 
Total N 1.81 1.13 0.022 0.18 Reach [ 0.3: 
II 1] 
Total p (4) 0.18 0.18 0.009 0.07 Reach I QO 
II O 
[II 1. 
(a) , 
combined sewer overflow 
(b) storm runoff 
(c) Station Locations 
from USGS: Reach I Tidal River Rm 60-95 
Il Transition Zone Rm 38-60 
III Estuary 5 Rm 5-38 3- 
Total N (converted) from NH), = flux; Total P from PO), as P 
(d) 


as P 
Days in Study Periods: 73 


Sources : ™* data from: Clark et al., 1980 Champ, 1978, 1979. 
**« USGS - (Callender, 1979, unpublished manuscript). 
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estuary. The "Redfield Numbers" are 
based upon the concept that phyto- 
plankton are composed of approximate- 
ly 106 carbon atoms for every 16 ni- 
trogen atoms and every 1 phosphorus 
atom. Algae, therefore, need these 
three elements in roughly that pro- 
portion. While individual algal spe- 
cies may have differences in the 
C:N:P stoiciometry, in general marine 
algae have the same relative ratios. 
Therefore, an N:P ratio of greater 
than 16 has a tendency to reflect a 
Situation in which phosphorus is the 
limiting nutrient. Under these con- 
ditions, the available orthophosphate 
concentrations will be on the order 
of a few ,,g/l during the peak algal 
biomass production. If nitrogen is 
limiting, the N:P ratio will general- 
ly be less than 16. The sum of the 
concentrations of nitrites, nitrates, 
and ammonia will be on the order of 
20 to 30 ug/l during the bloom. Table 
7 presents N:P ratios both as total 


and as inorganic for 1969 to 1979. 
The effect of phosphate removal at 
Blue Plains is easily seen in the 


shift in wastewater ratios from 1969- 
1970 to 1977-1979, with the change in 
ratios indicating a shift toward be- 
ing phosphorus limited. The calcula- 
tion of these ratios yields great in- 
Sight into the nutrient processes in 
the setuary. For instance, phosphorus 
was never shown to be limiting in 
the late 1960's; however, the system 
appears to be shifting toward a phos- 
phorous limiting state in Reach | in 


1979. It should be noted that there 
is a downstream trend of increased 
release of phosphorus and nitrogen 


from bottom sediments. 


WATER QUALITY TRENDS 


previous 
trends 


To complement the 
wastewater nutrient loading 
and nutrient levels and trends in the 
estuary, we include here data from 
papers by Noland and Champ (1979), 
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Noland 
(in manuscript). 
vantages in interpreting 
quality parameters is the tendency 
to construe parameter data individ- 
ually, which leads to oversimplifica- 
tion and neglects consideration of 
the body of water as an interrelated 
system. Consequently, several water 
quality indices (WQI) have been de- 
veloped which combine the values of 
many highly variable (both temporally 
and spacially) parameters into a 
single value (or index) representing 
general water quality. These WQI 
provide standardized mathematical 
methods of aggregating water quality 
data into values that permit an 
objective assessment of the system. 
Noland and Champ utilized both the 
National Santitation Foundation Water 
Quality Index-Modified (NSFWQI-M), 
which uses a weighted product aggre- 
gation function, and the Ott Water 
Pollution Index (OWPI), which is 
based on the minimum operator con- 
cept, in order to conduct’ water 
quality trend analyses at selected 
Stations. These indices combine the 
following water quality parameters: 
dissolved oxygen, fecal coliforms, 
pH, nitrates, phosphates, tempera- 
ture, BOD. , total solids, and 
turbidity. Figures 3 and 4 plot 
index values for each station for 
indicated years. Figure 3. groups 
five stations that cover the main 
stem of the Potomac’ River, = and 
Figure 4 groups three stations in 
Reach I of the estuary--two stations 
above Blue Plains and one below. The 
ratio of the variation in each water 
quality index attributable to re- 
gression against time along with al] 
other variation in the WQI (F value), 
was used to derive the probability 
that a trend at any given station was 
statistically significant. The points 
on the graphs were connected only for 
clarity, and not to imply representa- 
tion of water quality between moni- 
toring times. If a high probability 


(1980) and Noland and 
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Figure 3. Plots of the NSFWQI-M and OWP] 


Main Stem, Potomac River. 
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Indexes for 
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Figure 4. Plots of the NSFWQI-M and OWPI Indexes for three stations in Reach 
[ of the Potomac River Estuary. 


369 


Table 7. Nitrogen/phosphorus ratios (by atoms). 


Source/Zone 1969 1970 1977 1978 1979 
TN/TP In N/ TN/TP In N/ TN/TP In N/ TN/TP In N/ TN/TP In N/ 
In P In P In P In P In P 


Upper Basin 


Yearly 24 35 29 45 24 44 31 48 32 49 
Four-month 23 36 23 35 22 39 25 37 27 43 
Wastewater 5 6 6 7 15 18 22 33 32 34 
Reach I 15 13 13 10 16 18 25 60 38 80 
Reach II 14 11 5 9 5 12 12 25 29 
Reach III 6 3 5 2 9 10 


Sources: Water quality data sheets, EPA Central Regional Laboratory, and EPA STORET. 
In = Inorganc 


(around 90 percent or greater) of a 
trend was indicated at a station, 
the regression line of best fit was 
plotted on the graph. 


There was good agreement be- 
tween the two. indices. Increased 
values (or slope) is an improvement 
in water quality. In comparing 
Figures 3 and 4 it is interesting 
to note that the trend analysis 
overcomes the low-flow and high-flow 
years. For instance, the index is 


low on the main stem for 1977 and 
high for 1978 at Point of Rocks and 


White's Ferry. The effect is re- 
versed in the estuary for the same 
years, turbidity being the dominant 


parameter for OWPI. The significance 
of these two figures is that the 
water quality trend in the upper 
reach of the estuary showed signifi- 
cant improvement whereas the main 
stem stations did not, and_ both 
were subjected to the same variations 
in flow. However, Reach I was sub- 
jected tv vastewater loadings which 
had extensive phosphate removal (over 
80 percent) and were phosphate re- 
duced with subsequent reduction in 
algal productivity (biomass, chloro- 
phylls, BOD,). All of this was ex- 
pressed as improved water quality 
in the trend analysis, even though 
the system was overloaded with nitro- 


gen. The benefit to the system to 
utilize the excess nitrogen at a 
slower rate, therefore maximizing 


the temporal and spatial factors for 
wastewater dispersion and dilution 
to background levels further down the 
estuary. 


SUMMARY 


Hypotheses which can be drawn 
from these studies are (1) phosphorus 
removal in the wastewater is a Ssig- 
nificant factor in the improvement in 
water quality in the upper half of 
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the estuary. Also, it should be 
noted that the water quality down- 
stream may be impaired in the long 
term by the depressed-delayed nu- 
trient expression; however, the lower 
reaches appear to currently assimi- 
late the downstream levels; (2) phos- 
phorus reduces algal growth in the 
upper estuary in Reach I and to a 
lesser extent in Reach II; (3) nitro- 
gen levels may regulate algal growth 


in Reach III, and (4) in Reach II 
light penetration (quantitative and 
qualitative) may regulate’ algal 
growth. We expect to pursue this 


last hypothesis in a subsequent pub- 
lication (see research proposed in 
Champ et al. 1980). 
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CHARACTERIZATION OF FRESHWATER INFLOW MODIFICATION 
TO ESTUARIES RESULTING FROM RIVER BASIN DEVELOPMENT 


Marshall E. Jennings 


U.S. Geological Survey 
Gulf Coast Hydroscience Center 
NSTL Station, Miss. 39529 


ABSTRACT 
Three approaches for determin- 
ing quantity and modification of 
freshwater inflow to estuaries are 
presented: Continental-scale assess- 
ment, statistical studies of long- 


term records at the mouth of a river, 
and river basin modeling. The sta- 
tistical approach is illustrated us- 
ing long-term streamflow records for 
the Brazos River, Texas and the San- 
tee River, South Carolina. River ba- 
sin modeling, illustrated using data 
from the lower Santee River Basin, is 
believed to be the best approach for 
general field studies. 


INTRODUCTION 


A network of long-term coastal 
gauging stations, operated by the 
U.S. Geological Survey and other 
agencies, is available for character- 
Zing streamflow quantity and varia- 
tion into U.S. estuaries. In recent 
years, sediment and water quality 
data have also become available at 
selected sites. To address an objec- 
tive of determining the magnitude and 
modification of quantity, quality, 
and timing of freshwater inflows to 
estuarine areas, three hydrologic ap- 
proaches are presented: continental 
scale assessments, statistical stud- 
ies of long-term gauged records near 
river's mouth, and river basin model- 
ing. Each approach represents a dif- 
ferent degree of focus and detail. 
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CONTINENTAL SCALE ASSESSMENT 


According to [seri and Langbein 
(1974), the outflow of all streams 
from the conterminous United States 
into the oceans or across its bound- 
aries is about 2 million cubic feet 
per second. Of this total, more than 
75 percent is accounted for by eleven 
independent streams (Mississippi, Co- 
lumbia, Yukon, Atchafalaya, Mobile, 
Susquehanna, Sacramento, Apalachi- 
cola, Colorado, Hudson, and Delaware 
Rivers). The remaining 25 percent is 
discharged through a host of compara- 
tively minor coastal streams. Such 
results are the product of careful 
assessments performed by U.S. Geolo- 
gical Survey hydrologists during the 
1960's as part of the U.S. contribu- 
tion to the International Hydrologi- 
cal Decade. Completed studies of 
freshwater inflow from the contermi- 
nous United States (Wilson and Iseri 
1967) are examples of these assess- 
ments. While useful for a variety 
of purposes, the assessments are of 
limited use in determining modifica- 
tions of freshwater inflows. 


STATISTICAL STUDIES OF FLOW AT 
MOUTH OF RIVER 


The general character of modifi- 
cations of freshwater flow to parti- 
cular estuaries can be approximately 
deduced by a statistical study of a 
long-term gauging record if available 
near the mouth of a particular river. 
Such studies, by introducing time 
variation, have more focus and detail 


than continental assessments for mag-~ 
nitude of flow volume alone, The as-~- 
sumption in such a hydrologic ap- 
proach is that long historic time se- 
ries have embedded within them the 
effects of modifications due to up- 
Stream river basin developments. 
Under proper circumstances, these ef- 
fects or trends can be discriminated 
using nonparametric statistical trend 
methods such as rank correlation me- 
thods (Dixon and Massey 1957). How- 
ever, because freshwate: time series 
are natural statistical series with 
Significant climatic and random vari- 
ation, embedded man-made modifica- 
tions must be fairly signifiant to 


allow detection of shifts and/or 
trends. This constraint introduces 
a definite limitation to the ap- 
proach. 


As an example, the gaged record 
of Brazos River at Richmond, Texas 
located at mile 93 and including 
44,020 square miles, has experienced 
modifications due to upstream diver- 
sions, reservoir regulation and 
floodwater detention structures. 
Figure 1 is a plot of annual mean 
discharges gaged at Brazos River at 
Richmond, Texas for the period 1923- 
79. Note that three large reser- 
voirs--Whitney Reservoir in 1951, 
Belton Reservoir in 1954, Waco Reser- 
voir in 1965--have been constructed 
during the period of gauged record. 
Note also that the record is dominat- 
ed by the fairly regular cyclical 
climatic pattern that seems to per- 
vade the 48 conterminous states. Fig- 
ure 2 is a plot of the 9-year moving 
averages of annual streamflows for 
Brazos River at Richmond, Texas as 
compared to an average 9-year pattern 
for the plains region as compiled by 
Langbein and Slack (1980). The domi- 


nance of long-term regional climatic 
effects in the flow pattern is clear. 
Thus, effects due to river basin mod- 
ification are expected to be rela- 
tively undiscernable by statistical 


trend techniques. Figure 3 is a plot 
of annual mean discharges for Santee 
River at Ferguson, South Carolina for 
1909-78. The Santee River, including 
14,600 square miles, has experienced 
a drastic change in flow’ regime 
caused by complete regulation and re- 
diversion. In this case, statistical 
trend methods can easily discriminate 
the effects of river basin modifica- 
tion which are clearly dominant to 
climatic effects. 


In general, statistical extrac- 
tion of trends in long-term river 
records due to basin modifications 
may be a tenuous exercise. Also, 
While useful and enlightening as to 
the effects of past changes, statis- 
tical trend studies of historic rec- 
ords offer little opportunity for as- 
sessment of future alternative water- 
shed modification and associated im- 
pacts on estuarine areas. 


RIVER-BASIN MODELING 


A third approach for determina- 
tion of freshwater inflow modifica- 
tion to estuaries is deterministic 
modeling of river basin hydrology. 
This approach overcomes most of the 
liabilities of the first two ap- 
proaches provided adequate physical 
and hydrologic data exist for model 
calibration and verification. 


Deterministic models use hydro- 
logic and hydraulic tools such as wa- 
tershed modeling, hydraulic’ flow 
routing through channels and struc- 
tures, and transport modeling of sed- 
iment and water quality. Currently 
under development by the Survey 
is the Large River Basin Transport 
Model (LRBTM). LRBTM routes daily 
flows and loads using a network of 
existing stream gauging and rainfall 
stations as a data base for calibra- 
tion and verification. Long-term 
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Figure 3. Discharge of Santee River, Ferguson, S.C., 1909-78. 
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(20 to 50 year) simulations are pos- 
sible depending on available data. 
Completed studies include river ba- 
sin modeling of the upper Kentucky 
River Basin (Shearman and Swisshelm 
1973); the Susquehanna River Basin 
(Armbruster 1977); the Flambeau Ri- 
ver, Wisconsin (Krug 1976); and the 
Santee River Basin, South Carolina 
(Jeffcoat et al. 1976). 


Figure 4 shows a map of the 
lower Santee River Basin. River tlows 
are dominated by the operation of the 
Lakes Marion-Moultrie reservoir sys- 
tem. Streamflows, except for a small 
fish-hatchery flow and large flood 
flows, are diverted out of the basin 
through Lake Moultrie for hydropower 
production. The purpose of the use 
of LRBTM in the case of the Santee 
River basin study was to optimize 
power production through a study of 
reservoir operating rules. However, 
the model is fairly general and could 
be used to simulate various water re- 
source scenarios. The model, which 
incorporates an inflow component, a 
diversion-canal component, and a res- 
ervoir system component, is capable 
of evaluating the performance of the 
reservoir system for a variety of 
operating rule conditions. All model 
components were verified using ob- 
served reservoir input and _ output 
data for a 6-year (1967-72). In addi- 
tion, a long-term 3l-year simulation 
under present and alternate rules of 
operation was performed and the re- 
sults summarized statistically. Fig- 
ure 5 shows a comparison of observed 
and computed flows for Santee River 


at Fort Motte, South Carolina for 
March 4 - April 18, 1973; figure 6 
shows a comparison of mean monthly 


actual and computed values of dis- 
charge used for power production at 
Lake Moultrie (1967-72). Similar com- 
parisons were obtained for Santee 
River near Pineville (which repre- 
sents flood spills from Lake Marion) 
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and for mean monthly discharge in 
the Lakes Marion-Moultrie Diversion 
Canal. 


CONCLUSIONS 


The use of river-basin modeling 
is suggested as the best approach for 
determining the modification o! quan- 
tity, quality, and timing of tresh- 
water inflows to estuarine areas. The 
LRBTM model under development by U.S. 
Geological Survey will now model riv- 


er flows and has been tested in a 
number of field studies. LRBIM is 
currently being modified to model 


sediment and water quality parame- 


ters. 
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FRESHWATER FLOW RATES AND DISTRIBUTION WITHIN THE EVERGLADES MARSH 
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Homestead, Florida 


ABSTRACT 


Situated in Everglades National 
Park is the Shark River Slough, a ma- 
jor drainageway conveying fresh wa- 
ters from upstream impoundments to 
downstream estuaries. In 1970 a min- 
imum annual flow rate of 260,000 
acre-feet was mandated by the U.S. 
Congress to be delivered along the 
slough's northern boundary at 24 
gravity control flood gates located 
at four structure sites. The inten- 
Sively manipulative management of 
these headwater flow rates requires 
inflow and downstream hydrologic mon- 
itoring within a wetland system which 
is different from the more classical 
riverine/estuarine systems. Slough 
water depths range from 0 to 3 feet, 
slough widths vary from 9 to 17 miles 
and hydraulic gradients are 2 to 3 
inches pér mile producing extemely 
small velocity vectors characteristic 
of sheet flow hydraulic regimes. New 
techniques were developed to measure 
discharge rates and water distribu- 
tions within the slough and intensive 
monitoring programs have been con- 
ducted at inflow control structures. 
Sheet flow rates, aerial distribution 
and volumetric storage were measured 
seasonally utilizing tracer dye field 
experiments and _ satellite imagery 
coupled with a staff gauge grid net- 
work. Small velocities, well below 
the levels of detection by conven- 
tional instrumentation from zero to 
0.035 feet per second, were measured. 
When coupled with cross-sectional 
area calculations, a reasonable esti- 
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mate of Shark River Slough contribu- 
tions to the estuarine region was 
produced (flow rates of 200 to 2000 
cubic feet per second). Freshwater 
distribution within the Shark River 
Slough was subject to seasonal in- 
undation fluctuating between 90,000 
and 245,000 acres providing storage 
estimates between 26,000 and 208,000 
acre-feet for the dry and wet sea- 
sons respectively. 


INTRODUCTION 


The Shark River Slough is a very 
wide, shallow and sluggish stream 
flowing from the northern boundary of 
Everglades National Park to the bays 
and estuaries along the park's south- 
west coast. It contains 245,000 acres 
of marshland consisting primarily of 
emergent and floating vegetation in- 
terspersed with tree islands. Within 
the park, flow is uncontrolled, un- 
like the area north and east of the 
park boundary where a maze of canals, 
levees, pumping stations and gated 
control structures regulate marsh 
flow (Figure 1). Surface waters en- 
ter the park through the S-12 struc- 
tures which allow water from Conser- 
vation Area 3 to flow beneath the 
Tamiami Trail and from the Northeast 
Shark Slough which is hydraulically 
part of the Shark Slough but lies 
outside the park's boundary. A min- 
imum annual delivery of 260,000 acre- 
feet is supplied to Shark Slough 
through the S-12 structures which 


’ s \ ¥ 
“o\% 
1 \ “V0 
\ 
t 
\ : 
\ A ' 
G \* 
[ ~ &. \ 
| .. 
| IBiG “=... . 
N I CYPRESS ™ 
Wr Jp » 
eo >, 7 / / ¢. . 
(4 ” ee | Er 2 ! S-l2 se » 
C4 ie jABLO wd 
\ oo, “ pes r *4 os 
\ Yo > 1 Att, 7 | tka 
< KM \ \ | | )/ "i 
{ 2 se 46 64 \ L >: --¢ y/ 4 
, PY 0 4 ‘ EVERGLADES Ys 
M \ J oA “9 
\ -—~ | / 
\ ape, / Vian 
, ‘ y, Ky 
\ —_ / /&y,\ 
1205. NATIONAL ;! ) \ 
NSE t EA | P fare thy 
/ 9 PARK/~> | Le4 
\ = a) . 
\ 2 yy oe [s 
\ 9 9. lO 
° ° °0 4 
\ ‘ } A ° - 
\ —— ° ° ° 
\ BAY 
\ ° 4 aad 
‘\ a 


Figure 1. Surface Water Flows to Everglades National Park 
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represent the last site where con- 
ventional hydraulic measurements can 
be made. 


An understanding of the _ flow 
Characteristics and surface water 
distribution within the park required 
new techniques and approaches because 
classical hydraulic flow control sec- 
tions employed in more conventional 
systems were absent. Presented here- 
in are the results of determining 
velocities, flow rates, cross sec- 
tional areas, »erial distribution and 
volumetric storage for a marsh system 
which experiences seasonal water 
level fluctuations, variable slough 
boundaries extending in width as much 
as 9 to 17 miles, hydraulic gradients 
of only 2 to 3 inches per mile, chan- 
nel depths of 0 to 3 feet, and veloc- 
ities less than 0.035 feet per sec- 


ond. The knowledge gained through 
these investigations should help in 
managing upstream surface water de- 


liveries to the park, provide the hy- 
drologic component for wetland eco- 
logical studies, and assist in under- 
standing freshwater contributions to 
downstream estuarine ecosystems. 


DISCUSSION 


SHEET-FLOW RATE DETERMINATION 


Velocities encountered within 
Shark River Slough were small, being 
orders of magnitude less than those 
measurable by conventional Price- or 
Pygmy-type cup propeller velocity me- 
ters. Tracer techniques were thus 
employed using rhodaminewt dye which 
is ultimately detected due to its 
fluorescence. The set use of this 
dye for stream measurements was re- 
ported by Buchanan (1964), for esi. a- 
rine and inshore waters by Pritchard 
and Carpenter (1960), and later spe- 
cific details as to fluorometric pro- 
cedures were published by the USGS 
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(Wilson 1968). In addition to provid- 
ing low velocity rat: data, these 
tracer dye experiments also provided 
a method for calculating longitudinal 
dispersion coefficients. A descrip- 
tion of this method will be published 
elsewhere and should prove useful in 
determining chemical and _ pollutant 
transport within the slough. 


Dye studies were conducted along 
an east-west transect of Shark Slough 
in each of three hydrobiological 
zones namely: open marsh, interme- 
diate vegetation and dense vegetation 
zones which constitute the inundated 
areas of the slough (Figure 2). These 
zones were selected based on their 
hydraulic properties where the great- 
est and least flow resistivities were 
anticipated in dense vegetation and 
open marsh zones’ respectively and 
determined by Landsat satellite mul- 
tispectral data (Rose and Rosendahl 
1979). Water samples were collected 
20 feet down stream from the dye in- 
jection site every five minutes and 
their fluorescence was subsequently 
measured using a Turner Model II 
fluorometer powered by a_ portable 
electric generator. When the entire 
dye mass had passed the downstream 
monitoring site a concentration ver- 
sus time curve could be constructed. 
During the period January 31, 1978 to 
January 24, 1979, twenty-seven such 
field experiments were conducted in 
each of three hydrobiological zones 
providing 81 dye concentration versus 
time curves. These experiments were 
conducted on a_ seasonal basis re- 
flecting wet (rising-water levels, 
June through October), and dry (fall- 
ing-water levels, November’ through 

May seasons. The stage hydrograph 
for the continuous water level re- 
cording station P-33 located within 
the center of Shark River Slough 
shows these historic water level 
fluctuations (Figure 3a). Velocities 
were subsequently calculated by not- 
ing the time of passage of the peak 
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Figure 2. Shark Slough Transect and Gauging Sites 
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from the C versus T curve and using 
the downstream travel distance of 20 


feet. Velocities were thus obtained 
by: 
_X 
ve"/, (1) 
where: 
V = Average velocity of 
water mass 
X = Travel distance = 20 feet 
t = Time of passage of peak 


of C versus T curve. 


Velocities in the open marsh 
varied from 0.005 to 0.034 feet per 
second for water depths of 1.0 to 2.1 
feet, in intermediate vegetation from 
0.003 to 0.023 feet per second for 
water depths of 0.3 to 1.4 feet and 
in the dense vegetation zone from 0 
to 0.022 feet per second for water 
depths of to 1.2 feet. These data 
compare with the results of an ear- 
lier investigation by the U.S. Army 
Corps of Engineers (1954) for Conser- 
vation Area 2 located 35 miles north 
of Everglades National Park which 
found marsh velocities from 0.015 
to 0.050 feet per second for water 
depths of 1.07 to 4.82 feet. 


Velocity versus water depth 
relationships were developed _ for 
each zone as well as _ combinations 
thereof. Data from open marsh and 


intermediate vegetation zones’ were 
combined so that a single equation 
could be obtained relating veloci- 
ties to depth regardless of the spe- 
cific hydrobiological zone (Figure 
3b). By statistically correlating 
all possible combinations of the 
three zones, it was found that these 
two zones could be related with a 
correlation coefficient of r = 9.7 
compared to all zones combined of r = 
0.5. An areal analysis of the slough 


using Landsat multispectral imagery 
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found only 11 percent of the slough 
to be occupied by the dense vegeta- 
tion zone and analysis along the sev~- 
enteen-mile transect passing through 
the dye study site also found only 10 
percent dense vegetation. The equa- 
tion relating velocity to depth was 
determined to be: 


Velocity=0.012 X Depth + 0.001 (2) 


Equation (2) provides a means of 
calculating average velocities along 
a transect constructed across’ the 
slough utilizing measured water depth 
at 18 sites. 


Flow rates were calculated along 
the transect by first obtaining both 
velocity and cross-sectional area 
perpendicular to the direction of 
flow at each of 18 flow sections 
which together comprise the total 
flow cross-sectional area. That is: 


Q = VA (3) 
or 
n 
Q= YAY (4) 
i=] 
where 
n= 18 


V. = 0.012D. + 0.001 
i i 


or 
18 
Q= A. (0.012 D. + 0.001) 

i=l (5) 
where A. = Area = W. D. 

D’ = Depth * 

W. = Width 

Q* = Total Discharge 

V. = Velocity 


Water depths were measured bi- 
weekly along the transect at 18 sites 
from January 12, 1978 to July 12, 
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1979 representing 31 days of monitor- 
ing. The results of two such mea- 
Surements are shown in Figure 4 for 
dry and wet season periods. It is 
seen that the slough boundary varied 
considerably, changing from a total 
width of 17 miles during the wet sea- 
son to only 9 miles during the dry 
month of April. Cross-sectional areas 
were determined for each date by as- 
Suming rectangular wedges along the 
transect, with dimensions of station 
depth and one half the distance to 
the next station on either side of 
the station in question. For example, 
Figure 5a shows the cross-sectional 
area in the P-33 vicinity to be: 


Area = wd (6) 
Where: 
d = Depth 
w= Li + L. 
Ly = 4 distance to station 
E-100 
Both L,' and L,' were obtained 


by measuring 1/2 the actual distance 
between P-33 and E-4 and E-100 and 
then projecting this distance into a 
plane perpendicular to the vectors as 
shown in Figure 5b. The results of 
these calculations are plotted in 
Figure 6a indicating crosssectional 
fluctuations from 25,000 to 100,000 
Square feet for dry and wet seasons 
respectively. 


Flow rates along the transect 
were thus calculated using equation 
5 from which values of 200 to 2000 
cubic feet per second were obtained 
as shown in Figure 6b reflecting the 
cyclic nature of the Everglades’ hy- 
drosystem. Comparison of these da- 
ta were subsequently made with flow 
rates past Tamiami Trail located ap- 
proximately 10 miles upstream. Flow 


391 


at the trail contributing to the ex- 
perimental crosssection originates at 
the S12 flow section which consists 
of four gated structures and at the 
Northeast Shark Slough section which 
contains 19 culverts. Flow’ through 
the S12 structures can be determined 
from the rating curve shown in Figure 
7a and is dependent on hydraulic head 
across the gates while discharges 
through the Northeast Shark slough 
section (Levee 30 to Levee 67A) is 
determined from a stage discharge 
curve wich is dependent on up-stream 
stage (Figure 7b). Actual flow mea- 
surements using conventional Price or 
Pygmy-type velocity meters are rou- 
tinely taken at these flow sections 
through a cooperative program by the 
National Park Service, Army Corps of 
Engineers, and the U.S. Geological 
Survey in order to shift the rating 
and discharge curves as needed. Flow 
rates derived from these curves for 
comparable time periods as those of 
the transect are presented in Figure 
8. In constructing this curve it was 
assumed that it took 10 days for wa- 
ters originating at the Tamiami Trail 
to arrive at the transect. Analysis 
of past flood releases to the park 
indicated positive responses on stage 
hydrographs of approximately one day 
for staff gauges located one mile 
apart in the direction of flow. The 
transect was located 10 miles down- 
stream of Tamiami Trail, thus a mile 
per day travel time resulted in a 
ten-day delay in transect response 
time to flow at the trail. 


In comparing the results of 
transect flows with Tamiami Trail it 
is seen that both reflect the wet and 
dry flow periods of south Florida and 
agree fairly well. During wet periods 
the Tamiami Trail flow rates are 
higher than those for the transect 
and the reverse true during dry 
periods. Underestimates of effective 
crosssectional area of the transect 
“iring the wet season could account 
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for this discrepancy because this is 
the time period of the broadest ex- 
tent of sheetflow and an underesti- 
mate of depth of even a few inches 
would greatly reduce the area due 
to the large width (miles) involved. 


SURFACE WATER DISTRIBUTION AND 
STORAGE 

Hydrological application of 
Landsat digital data for analysis 


of Shark River Slough surface water 
distribution utilized an interac- 
tive multispectral image analysis 
system (General Electric Image 100). 
Image analysis systems are based on 
the assumption that terrestrial fea- 
tures exhibit characteristic spectral 
reflectance patterns. Through spec- 
tral data, an image analyst can clas- 
sify, map, and inventory the aerial 
extent of specific resources. The 
main purpose of digital image proces- 
sing is to facilitate information ex- 
traction by producing an image that 
is easier to interpret, by providing 
statistical data about the reflect- 
ance properties of an entire scene or 
discrete portions of a scene, and by 
portraying as a separate class all 
features with approximately the same 
spectral reflectance properties. 


Cloudfree Landsat scenes’ were 
acquired during both the wet and dry 
seasons to evaluate expansion and 
contraction of the Shark’ River 
Slough's marshes. Four Landsat 
scenes, representative of a_ wide 
range of hydrologic conditions within 
the slough, were selected for anal- 
ysis and interpretation procedures. 
The October 19, 1974 Landsat scene 
monitored conditions during maximum 
inundation; while three scenes taken 
on March 23, 1978, April 28, 1978 and 
May 16, 1978 represented water con- 
ditions during a drydown period. 
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The main objective of image an- 
alysis for these four Landsat sub- 
scenes was to differentiate inundat- 


ed and non-inundated areas within 
Shark River Slough. The spectral 
response from water bodies in all 


Landsat wavelength bands is charac- 
teristically low, hence appearing as 


dark tones on_ single-band images 
while dry lands appear as lighter 
tones. The land/water interface is 


most distinguishable on multispectral 
scanner Band 7 (0.8 to 1.1 m) because 
in this near-infrared spectral region 
nearly all incident energy is ab- 
sorbed at the water surface. In Shark 
River Slough, the diffuse shallow 
sheet of water is heavily vegetated 
with sawgrass stands and open marsh 
vegetation. Due tu the characteristic 
integration of spectral response over 
l.l-acre areas with the Landsat mul- 
tispectral scanner, the spectral res- 
ponse from this vegetation is aver- 
aged with the return from the under- 
lying water surface. Hence, the spec- 
tral readings within the inundated 
portions of Shark River Slough will 
vary depending upon the respective 
contributions of water and vegetation 
within each pixel. 


For each of the four selected 
Landsat subscenes, Band 7 data were 
analyzed and it was found that the 
October 19, 1974 scene represented 
maximum surface water extent compared 
with the May 16, 1978 scene showing 
minimum surface water extent (Figure 
9). These results compared favorably 
with known slough boundaries based 
on field crosssectional measurements 
along an east/west transect. 


A total of 245,427 acres were 
inundated during October 19, 1974 re- 
presenting maximum surface water co-. 
verage in contrast to the minimum in- 
undation for the Shark Slough total- 
ing 90,402 acres on the May 16, 1978 
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Figure 9. Spatial and Temporal Margins of the Shark River Slough 
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(Table 1). <A net change ot 63 per- 
cent, or 155,025 acres, occurred be- 
tween the extent of surface water in- 
undation in the Shark Slough from 
"wet" season to "dry" season as de- 
termined through Landsat classifica- 
tion, 


Landsat inundation classifica 
tion results were combined with water 
level data from hydrologic monitoring 
stations to estimate total water vol- 
umes for each date of Landsat cover- 
age. The program used an interpola- 
tion technique which assigned a water 
depth to each "missing" pixel based 
on the average depth of the six clos- 


est hydrologic monitoring stations 
(Shepard 1968). The known water 
depths from each of these stations 


were weighted by the inverse square 
of the distance to each missing pix- 
el. In this manner, water depths 
were calculated for each Landsat 
pixel within the inundation scenes. 


Water volume was estimated for 
each Landsat subscene upon genera- 
tion of water depths throughout in- 
undated areas. To calculate water 
volume, the number of Landsat pixels 
(each representing an area of 33 x 
33 feet) at each water depth was mul- 
tiplied and tabulated, resulting in 
an estimation of total water volume 
for Shark River Slough on each date 
of Landsat coverage. 


Water volume estimates’ ranged 
from 208,247 acre-feet during the 
period of maximum inundation to 
a low of 26,016 acre-feet during the 
period of minimum inundation repre- 
senting a reduction in water volume 
of 87.5 percent. 


The difference between the area 
inundated and the volume of water 
stored in Shark Slough between "wet" 
and "dry" periods is of paramount 
importance relating to hydrological 


and ecological functions in the Flo- 
rida Everglades. Even though the ex- 
tent of inundation changed considera 
bly from the "wet" to "dry" seasons, 
the storage capability of the slough 
changed even more due to the rela- 
tively flat land surface and distri- 
bution characteristics, 


CONCLUSIONS 


Techniques were successfully de- 
veloped to determine flow rates in 


the broad and_ shallow Everglades 
marsh within Everglades National 
Park. Tracer dye experiments were 


found to be effective in measuring 
low velocities characterizing’ the 
Shark River Slough. Comparison of 
flow rates determined for the sheet 
flow regime within the marsh agree 
with those calculated by more conven- 
tional means at upstream flow control 
sections. Landsat imagery allowed 
for the temporal quantification of 
aerial and volumetric contraction and 
expansion of surface waters in the 
Everglades marsh. Seasonal effects 
within the South Florida hydrologic 
cycle were reflected by as much as 
a 63 percent reduction in inundation 
area and 87.5 percent reduction in 
volumetric surface water stored be- 
tween the "wet" and "dry" seasons. 
Such shifts in available surface wa- 
ter storage play a significant role 
in driving the productivity of the 
Everglades ecosystem. 


LITERATURE CITED 


Buchanan, T. J. Time of travel of 
soluble contaminants in stre- 
ams. Am. Soc. Civil Engineers 
Proc., V. 90, No. SA3, Paper 
3932; 1964; 12p. 


Table 1. Inundated areas of surface water and estimated water volumes stored 
in Shark River Slough as determined from Landsat data. 


Estimated 


Date _ Acres Inundated ______ Vo lume 

19 October 1974 245 ,427 208,247 acre-feet 

23 March 1978 163,108 107,715 acre-feet 

28 April 1978 123,426 52,416 acre-feet 

16 May 1978 90,402 26,016 acre-feet 
400 


Pritchard, D. W.; Carpenter, J.H, 
Measurement of turbulent diffu- 


sion in estuarine and inshore 
waters. Internat. Assoc. Sci. 
Hydrol, Bull.: 3750; 1960, 


Rose, P. W.; Rosendahl, P.C. LANDSAT 
hydrobiological classification 
for an inland fresh water marsh 
within Everglades National Park. 
Proceedings, AWRA Satellite Hy- 
drology Conference, Sioux Falls, 
SD; 1979. 


Shepard, D. <A two dimensional inter- 
polation function for computer 
mapping of irregularly based 
data. 15th Technical Report to 


Wilson, J. F. 


the Office of Naval Research; 
Contract #30014-67A-0298-004; 
March 20, 1968. 


U.S. Army Corps of Engineers. C&SFP, 


Part VI; General studies and re- 
ports, Section /-design memoran~ 
dum, Interim report on evalua~ 
tion of Manning's "n" in vege- 
tated areas. Jacksonville, Flo- 


rida; April 2, 1954, 


Fluorometric proced- 


ures for dye tracing. Chapter 
Al2; Techniques of water re- 
sources investigations of the 


United States Geological Sur- 
vey. Washington, D.C: U.S. Govt. 
Printing Office; 1968. 


EFFECTS OF UPLAND DRAINAGE ON ESTUARINE NURSERY AREAS OF 


PAMLICO SOUND, NORTH CAROLINA 


Preston P. Pate, Jr. 


N.C, Office of Coastal Management 
Morehead City, North Carolina 


Robert Jones 


N.C. Division of Marine Fisheries 
Washington, North Carolina 


ABSTRACT 


Four sampling stations were es- 
tablished in tributaries of northern 
Pamlico Sound, N. C., to measure the 
effects of upland drainage on primary 
nursery areas. ‘he four stations re- 
ceived either heavy, moderate, or 
no drainage through man-made water 
courses. All stations functioned as 
primary nursery areas during periods 
of low rainfall and high salinity 
(1977). Brown shrimp production at 
all sites was depressed during pe- 
riods of extremely high rainfall and 
low salinities (1078). Salinities at 
the unaltered sites were more stable 
during periods of high runoff than 
those recorded at two sites receiving 
drainage through ditches. Recovery 
times at the altered sites were ap- 
proximately 10 days. The most signi- 
ficant reduction in production of ju- 
venile brown shrimp occurred at the 
extensively ditched site during pe- 
riods of moderate to heavy rainfall. 


INTRODUCTION 
The North Carolina Division 
of Marine Fisheries began identify- 


ing, in 1970, areas of the sounds 
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and bays in the coastal region of 
North Carolina which serve as nurs- 
ery areas for economically important 
species of fish and shellfish. The 
most productive and the most sensi- 
tive of these areas were subsequen- 


tly classified as "primary nursery 
areas." Regulations were adopted 
which gave the primary nursery areas 
special consideration for limiting 
commercial fishing activity and pro- 
tection from alteration through 
dredging and filling (N. C. Adminis- 
trative Code I15NCAC 3b. 1400 et 
seq.). Primary nursery areas were 


found to be, characteristically, the 
upper reaches of small tidal creeks 
which have soft mud sediments, are 
surrounded by regularly or irregular- 
ly flooded marshes, and have salini- 
ties ranging from five to fifteen 
parts per thousand (ppt). 


Data collected over a four-year 
period prior to this study indicated 
the primary nursery areas which were 
receiving upland drainage’ through 
man-made ditches and canals had less 
stable salinity patterns and were 
relatively less productive — than 
creeks with unaltered drainage ba- 
sins. This encouraged a more thor- 
ough investigation of the impacts of 
freshwater drainage into primary 
nursery areas on the production of 
brown shrimp (Penaeus aztecus). 


Estuaries are those areas where 
salt water and fresh water mix to 
form an environment in which salini- 
ties range from near 0 to about 15 
ppt. These areas in North Carolina 
possess a variety of other physical 
characteristics such as size, depth, 
bottom type, bottom vegetation and 
bordering vegetation which influence 
the types and numbers of organisms 
a particular sound, bay, or creek 
will produce, It appeared from pre- 
liminary sampling that another vari- 
able (accelerated freshwater drain- 
age) was also affecting this produc- 
tivity. 


The history of land clearing and 
drainage in low lying areas of coast- 


al North Carolina began with the 
first settlers of the region about 
1770. However, conversion of large 


areas of woodland into agricultural 
production did not begin until the 
technology was available to economi- 
cally clear and drain low-lying areas 
on a large scale. This problem is 
particularly prevalent in the large 
peninsula lying between Albemarle 
Sound and Pamlico Sound in northeast- 
ern North Carolina. Extensive con- 
version of forest land to farm land 
in this area, with the associated 
drainege into both sound systems, has 
led to speculation that changes in 
water quality could be the most seri- 
ous future impact from this type of 
development. Drainage of the Albe- 
marle Sound peninsula has proceeded 
by using a system of canals and field 
ditches as described by Heath (1975). 
The nearest natural water bodies to 
receive drainage from these systems 
are often those identified as primary 
nursery areas. Heath indicated in 
his report that runoff from the Albe- 
marle/Pamlico peninsula could be the 
most important problem posed by agri- 
cultural development. Heath also ex- 
plained that overall salinities in 
the Pamlico Sound will probably not 
be significantly affected by runoff 
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from this region because it contri- 
butes such a small proportion (6.8%) 


of the total freshwater inflow. A 
more dramatic effect on sSaiinities 
would occur with drainage into the 


smaller streams and bays. 


Prior studies on the hydrology 
of the Pamlico Sound region have 
dealt with the large open water 
areas. Our attention in this study 
was focused on the lateral estua- 
ries, which comprise a_ large and 
important part of the total Pamlico 
Sound system. 


MATERIALS AND METHODS 


This study began in 1977 with 
selection of three sampling 
to compare salinity patterns 
habitat utilization between 
with natural drainage pat- 
and areas receiving drainage 
man-made waterways. Each 
site was selected to provide, as 
nearly as possible, only one var- 
iable, freshwater inflow through 
ditches. There were, however, some 
differences in water depth = and 
bottom types among the stations. 
The extent to which these differ- 
ences affected overall productivity 
are not known. A fourth station was 
added in 1978 to give an equal number 
of altered and unaltered locations in 
the study. The sampling stations are 
shown on Figure | and designated A-1 
and A-2 for the altered areas, and 
U-1 and U-2 tor the unaltered areas. 


the 
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salinity changes. Salinities were 
recorded approximately 12 inches from 
the bottom because bottom salinity 
changes would have the most effect 
on utilization of the area by juve- 
nile shrimp which are characteris- 
tically found in the substrate. 
Weather instruments were’ installed 
within the Rose Bay drainage system 
to record wind direction, wind speed, 
and rainfall. A tide gauge was in- 
stalled to constantly measure tidal 
fluctuations within Rose Bay. 


Sampling was conducted at two 
locations within each sampling area 
to identify movement of organisms 
responding to freshwater inflow. Data 
from these stations were later com- 
bined when it was shown that there 
was no significant difference between 
the numbers of organisms sampled at 
the two locations. Each station was 


sampled with a 13-ft (3.96-meter) 
headrope, flat otter trawl with a 
0.25 in (0.64-cm) bar mesh knotted 
wings and body, and a 0.25 in bar 


mesh knitted tail bag. Each sample 
consisted of towing this trawl a mea- 
sured distance of 45 meters between 
fixed markers. Salinity and tempera- 
ture recordings were taken with each 
sample with a portable meter to later 
verify readings by the recording sa- 
linometers. Each station was sampled 
three times a week during the shrimp 


season (May through July). Each sam- 
ple was preserved in the field and 
recorded in the laboratory. All spe- 


cies of organisms taken were identi- 


fied and measured. 


Figure | is a_ reproduction of 
a map prepared by the U. S. Geo- 
logical Survey showing the loca- 
tion of all drainage ditches in the 
Albemarle/Pamlico Sound _ peninsula 
as of 1978. This map will give 
some indication of the number of 
drainage ditches going into each of 
the areas sampled, and the size of 


the area which is being drained. 
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Station Al (Rose Bay Creek) 
has a number of small ditches drain- 
ing individual farms, and one large 
canal used as a water control outlet 


for management of Lake Mattamuskeet. 
Rose Bay Creek is bordered on each 
side by a marsh area dominated by 
black needlerush (Juncus roemerianus ) 
and saw grass (Cladium jamaicensis). 
Water depths range from 2 m to 3 m 
and the bottom type may be charac- 
terized as muddy and overlain with 
coarse organic detritus. 


Station A-2 (Caffee Bay) also 
receives drainage trom an extensive 
inland area. The main differences 
between this location and Station A-1 
are that flow into this nursery area 
is confined to two main ditches which 
have to drain through an extensive 
bordering marsh of black needlerush. 


There are four additonal ditches 
draining into Caffee Bay which ter- 
minate in the adjacent wetland area 


and do not appear to carry any non- 
wetland drainage. Water depths at 
this site range from 1 m to 1.5 m 
and the bottom type is a mixture of 
soft mud and detritus. 


is also surrounded 
of black needle- 
rush marsh and a_ low-lying pocosin 
vegetated with pond pine. Figure 1 
shows that there are two ditches en- 
tering the headwaters of this creek. 
However, these ditches do not carry 
drainage from any non-wetland areas; 
therefore, the creek was considered 
being unaltered. Water depths 
ranged from 0.3 m to 1.3 m and the 
bottom type is a mixture of deep mud, 
detritus, and marine shells. This is 
the only station which did not have a 
24-hour salinity recorder. 


Station U-2 


a large expanse 


by 


as 


RESULTS AND DISCUSSION 


Organisms which inhabit the low 
to medium salinity estuaries have de- 


veloped the ability to adapt to an 
environment which is naturally 
Stressful. Sudden fluctuations in 


temperature, salinity, turbidity, and 
nutrient levels reduce the number of 
species which can adapt to. these 
stresses and take advantage of condi- 
tions conducive to high levels of 
productivity. Those that adapt 
usually flourish during periods 
peak productivity. 


do 
of 


One major stress to organisms 
studied is rainfall and the conse- 
quent changes in salinity. Salinity 


patterns in this area are largely in- 
fluenced by the amount of rainfall 
over a given period, the effects that 
wind and tidal fluctuations have on 
the distribution of brackish water, 
and the nature of the drainage basin. 
Total freshwater inflow from natural] 
drainage basins within the Albemarle/ 
Pamlico peninsula is not significant- 
ly changed by man's use of the drain- 
age basins. However, development has 
changed the rate of freshwater dis- 
charge into the receiving waters. A 
typical ditching system used in this 
area to prepare land for development 


is designed to efficiently remove 
surface water from the cultivated 
fields. These extensive collection 
systems increase peak runoff rates 
and alter the ability of the inland 
areas and associated vegetation 
to act as a natural regulator of sur- 
face runoff. The results are an in- 
crease in the rate of runoff during 
and following storms and an unstable 


quickly 

Heath 
runoff 
the 
the 


responding 
to 
increases 


Salinity pattern 
and dramatically 
(1975) 
during 
ditches 
shallow ground water system. 


rainfall. 


reported in 


fair weather also because 


and canals’ penetrate 
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designed, 
juvenile 


When this study was 
[| had hoped to correlate 
shrimp movement in response to fresh- 
water inflow. This would have re- 
quired a study period with high sa- 
linity during larval recruitment, 
thereby allowing good utilization of 
the nursery areas. Any movement from 
the nursery areas could then be de- 
tected with frequent sampling and re- 
lated to continuous salinity record- 
ings and rainfall data. We were nev- 
er afforded a set of ideal conditons, 
however, to say definitely that mi- 
gration occurred as a result of rapid 


freshwater runoff. In fact, we had a 
range of rainfall conditions from ex- 
tremely dry in 19/77 to extremely wet 
in 1978. Table 1 gives the annual 
rainfall for a_ three-month’ period 
which was considered to be the most 
critical period to have optimum con- 
ditions in the nursery area environ- 
ment. This is the time (April-June) 


when larval shrimp will leave the in- 


lets and migrate inland in search of 
Suitable habitat to begin their de- 
velopment. Also shown is the total 


commercial harvest of shrimp for each 


year except 1980. 

Total rainfall at the record- 
ing station for the period April | 
through June 30 for 1978 was 18.9] 
inches. Peak salinities at the four 
sampling stations from May through 
July of that year ranged from 3 ppt 
to 7 ppt as compared to 1977 readings 
of 10 ppt to 17.6 ppt for the same 
period when rainfall was only 7.23 
inches. Rainfall during 19/78 was 
sufficient to lower salinity levels 
at all stations during periods of 
peak recruitment. Catches of ju- 


1978 


percent 


in dropped 9.3 
at the four 


compa red to 


shrimp 
to 10 
Stations 


venile 
percent 
samp ling 
1977 samples. 
throughout the 
1978 reflected 


when 
sampling 
In 
of 


Nursery area 
entire 
the 


region 


lowest leve] 


Table 1. Total rainfall (April-June) and commercial shrimp harvest for each 


year 1977-1980. 


Total rainfall (inches) _ 
May June Total 


April 
1.87 3.36 2.00 7.23 
79 A 18.91 


12.93 


12.69 


Shrimp harvest 
lbs. heads off 


3,480,877 


1,834,687 


3,801,822 


not available 


juvenile recruitment ever recorded. 
Commercial harvest for that year was 
a record low of 1,834,687 pounds 
heads off. Rainfall in 1979 and 1980 
during recruitment periods was more 
normal than the preceding two years 
and nursery area sampling showed a 
more normal trend. Commercial harv- 
est in 1979 was 3,801,822 pounds; 
landing data for 1980 are not yet 
available, but it appears that land- 
ings will equal or exceed those for 
1979. 


The dry sampling period in 1977 
gave the opportunity to establish 
that all the sampling areas can func- 
tion as valuable nursery areas when 
Salinity conditions are_ suitable. 
This was particularly important with 
regards to Station A-l which is the 
most altered system. Sampling prior 
to this study showed that Rose Bay 
Creek could be considered only mar- 
ginally productive with regards to 
total number of organisms sampled, 
and no effort was made to correlate 
the catches with salinity levels. 
Sampling in 1977 at A-l yielded cat- 
ches of juvenile brown shrimp equal 
to or exceeding those at every other 
station. 


Results from salinity readings 
show that there is a marked differ- 
ence between the relative stability 
of salinity levels hetween the al- 
tered and unaltered -cudy areas. Fig- 
ure 2 is a graph of salinity read- 
ings taken at the chree recording 
points over a 24-hour period on 
May 21, 1980. A 2.26-inch rainfall, 
accompanied by 20 to 30 mph south- 
easterly winds, was recorded during 
the same period. Salinities ranged 
from 5 to 7 ppt among the three 
recording points prior to the rain- 
fall. The unaltered drainage basin 
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(U-1) shows clearly the most stable 
salinity pattern. Salinity readings 
dropped sharply from 6.5 to 5.8 ppt, 
but recovered quickly to stabilize 
at 6.5 ppt within 24 hours. Salinity 
readings at the two recording sta- 
tions within altered drainage basins 
showed rapid pulses in salinity lev- 
els during this period. The pulses 
had a frequency of approximately 1.5 
hours and a range as wide as 2.5 ppt. 
Salinity readings at A-2 quickly sta- 
bilized at approximately 6.5 ppt once 
the rains ended. Salinities at Sta- 
tion A-1l continued their erratic pat- 
tern. 


I would have expected a response 
in salinity changes due to rainfall 


to have been a rapid, but’ steady 
decline. The extremely erratic pat- 
tern of salinity changes shown in 
Figure 2 cannot be expained. It was, 
however, characteristic of salinity 
readings at Station A-1 throughout 


the recording period, except during 
extended periods of no rainfal]. One 
would expect the stresses on osmo- 
reguation by organisms to be severe 
during these periods of rapid salin- 
ity fluctuation. 


Heavy rainfall, spread over the 
entire drainage basin of a tributary, 
influenced salinity levels in the 
tributary for days after the actual 
rain. The extent and frequency of 
salinity fluctuations depended upon 
the control over tide levels exerted 
by wind direction and wind speed. 
Northeasterly winds in Pamlico Sound 
tend to increase tide levels and re- 
tain surface waters in the field dit- 
ches, thereby reducing the effect on 
salinities in the receiving waters. 
Southwesterly winds, conversely, tend 
to lower tide levels and pull water 
out of the drainage ditches into the 
receiving waters. Tide fluctuation 


shown in Figure 3 shows that’ the 
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Figure 3. Tide fluctuations and salinity patterns during a period of no rainfall, 6 July - 11 July 
1979. 
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effects of lunar tides in the sam- 
pling area are clearly masked by the 
influence of winds and distance from 
inlets to the Atlantic Ocean. Figure 
3 also shows that changes in tide 
levels during this period with no 
rainfall did not affect salinity lev- 
els at the recording stations. 


Figure 4 is a record of tide 
levels and salinity recordings for 
the period 20 July through 25 July 
1979 when a total of 2.99 inches of 
rainfall was recorded. Salinity 
patterns for the period immediately 
proceeding that shown in Figure 4 
were normally affected by light 
rainfall and changes in tide levels. 
During the’ period of extensive 
rain, covered by Figure 4, salinity 
readings show a constant depression 
due probably to the complete satu- 
ration of the basin and a constant 


runoff of fresh water. In this 
Situation, changes in tide levels 
had no- recognizable effects on 
salinity. 

Catch data during the _ period 
covered by Figure 4 did not indicate 
any unordinary movement of shrimp 
at Stations A-2 and U-l during that 
period. The catches during this 
period were small (8 to 19 shrimp per 
trawl), however, and _ significant 


natural migration from the nursery 
areas had occurred in mid- to late 
June (Figure 5). Migration from 
Station A-l was nearly complete at 
this time; therefore, the impacts 
on shrimp could not be determined. 


Catches of juvenile brown shrimp 
normally peaked during the _ period 
late May to mid-June (Figures 5 and 


8). Recruitment into Station A-l was 
later than at the other locations. 
This was most apparent during the 


years 1979 and 1980 when recruitment 
was generally good and rainfall was 
light during the recruitment period. 
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Recruitment times for these two years 
at Station A-l also correspond with 
periods of higher and more stable sa- 
linities (Figures 4 and 8). 


Total species composition at 
the four sampling stations was ba- 


sically the same for each year. 
Samples yielded a total of eleven 
species of fish and crustaceans. 
Spot (Leiostomus xanthurus), men- 
haden (Brevoortia tyrannus), and 
brown shrimp were the three dom- 


inant species each year during the 
period sampled at all _ sampling 
sites. 


A comparison of total numbers 
of individuals caught as a measure 
of relative productivity showed that 
Station A-l consistently produced the 
fewest organisms. Station U-2 was 
consistently the most productive. The 
year of lowest productivity was 1978 
when rainfall was high and salinities 
were depressed. Species more char- 
acteristic of freshwater’ environ- 
ments, alewife (Alosa pseudoharengus ) 
and white perch (Morone americana), 
occurred at all stations that year. 
This was the only year white perch 
were captured. Conversely, weakfish 
(Cynoscion regalis) and spotted sea- 
trout (Cynoscion nebulosus) occurred 
only during 1977 when salinities were 
high. 


CONCLUSIONS 
1. Drainage of surface water from 
upland areas into nursery 9 areas 
through man-made ditches and canals 
creates unstable’ salinity  condi- 
tions when rainfall exceeds 1 inch 


in a 24-hour period. The unaltered 
nursery areas showed much more 
stable salinity readings during the 
Same rain periods. 
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Figure 4. Tide fluctuations and salinity changes during a period of heavy rain, 20 July - 25 July 
1979. 
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Figure 5. Weekly salinities and catch per trawl of juvenile brown shrimp (Peneaus aztecus) at four 
locations in 1979. 
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2. The nursery areas appear to have 
the capacity to receive a certain 
amount of "unnatural" drainage and 
buffer the effects of rainfall on sa- 
linity except during periods of ex- 
tended rain. 


3. Extensive drainage into a single 
nursery area reduces its value as 
estuarine habitat by reducing average 
salinities and making it more sensi-~ 
tive to the effects of rainfall with- 
in the drainage basin. 


4. Relative productivity of estu- 
arine organisms was lower each year 
in the nursery area with extensive 
drainage. 


5. The data did not show that there 
were any mass or complete movements 
of juvenile shrimp from the nursery 
areaS aS a response to rapid changes 
in salinity readings. The most seri- 
ous effects of drainage into nursery 
areas appears to be the degree of al- 
teration and the danger that altera- 
tion will be severe enough to create 
an unsuitable habitat during periods 
of normal rainfall. 


RECOMMENDATIONS 


The appeal that seafood has for 
consumers is obvious, judging from 
the increasing demand for a quality 
product and the annual rise in dock- 
side and retail prices. It is also 
obvious that changing uses of lands 
Surrounding the vital nursery areas 
is inevitable, given the current 
trends in the value of agricultural 
and recreational dvelopments. It is 
important that resource’ agencies 
stress the value and fragile nature 
of these small estuaries and encour- 
age development of adjacent lands to 
minimize its adverse impacts. 
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Identification of critical 
nursery areas must be made and pro- 
tection of these areas enhanced with 
proper legislation. Local, state, 
and Federal agencies should develop 
joint comprehensive programs which 
will allow the wisest use of coastal 
lands and minimize degradation of 
water quality and wetland habitat. 
Particular attention should be 
placed on developing drainage pro- 
grams which promote (1) strict 
controls over construction of new 
drainage systems discharging into 
critical nursery areas, (2) mainte- 
nance of existing ditches and canals 
during periods of least biological 
activities in the receiving waters, 
(3) analysis of the hydrologic and 
biological impacts of expanding ex- 
isting drainage systems, (4) develop- 
ment of water management and water 
control schemes which limit discharge 
points, and (5) consideration of the 
cumulative effects of extensive al- 
teration of samll estuaries. 
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DISCUSSION 


Question; What do you think is the 
mechanism behind reduced _ produc- 
tivity in shrimp and_ freshwater 
inflow? 


Answer: Well that's something that 


ae eee ae eee 


I didn't dwell on because I| have 
no good indication of what stresses 


are caused by other than these fluc- 
tuations in salinity of 3 to 4 ppt 
in that very short period. We are 
presently working with some biologist 
at the North Carolina State Univer- 
sity, and some foresters to continue 
this study and try to evaluate what 
impacts this has on the available 
food supply and the metabolic stress~ 
es that are created, 


ENDANGERED ESTUARINE RECEIVING WATERS: THE EFFECTS OF 
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ABSTRACT 


Estuarine receiving waters are 
often valuable resources for fish- 
eries, recreation, or drinking water 
supplies. These water resources are 
commonly threatened by pollution with 
a wide range of materials from point 
and diffuse sources. These impacts 
are often most pronounced at times of 
lowflow in warm weather due to the 
high concentrations of nutrients in 
the land discharges and the absence 
of subsequent flushing. 


Examples of these lowflow im- 
pacts on an estuary, the Rhode River, 
with respect to the nutrients nitro- 
gen and phosphorus are given. The 
discharges are related to specific 
subwatersheds and to several differ- 
ent land uses on these subwatersheds. 
The effects on the water quality of 
the Rhode River's estuarine headwa- 
ters and the potential impact upon a 
recreational fishery in the estuary 
are documented. 


INTRODUCTION 


The Rhode River is a subestuary 
of Chesapeake Bay, one of the largest 
estuaries in the world. Chesapeake 
Bay is located on the Atlantic coast 
of the United States. One of the 
most important uses of the bay is 
recreational and commercial fish- 


eries. The most popular recreational 
fish in Rhode River are white and 
yellow perch (Morone Americanus and 


Perca flavescens, respectively). 
These two species spend their entire 
life cycle in the’ subestuary. In 


the spring, when water temperatures 
begin to warm, the adults migrate 
up the principal freshwater stream 
which drains most of the Rhode 
River watershed. They spawn in the 
freshwater tidal marshes and stream 
channels and then return to the estu- 
ary. In 1976, this spawning oc- 
curred in late February and early 
March. The eggs then hatch and the 
young fish use the spawning area as a 
nursery ground for the rest of the 
summer and early fall. Thus, to 
maintain their populations,’ these 
two species must be able to success- 
fully spawn in the headwaters of the 
estuary and their progeny must be 
able to utilize the headwaters as a 
nursery ground for a major part of 


the year. Low dissolved oxygen in 
the headwaters would prevent their 
survival. Low dissolved oxygen is 


associated with excessive plankton 
blooms which are caused by excessive 
mineral nutrient concentrations in 
the headwaters of the estuary. The 
blooms involve both phytoplankton and 
bacteria. During the day the algae 
release large amounts of oxygen due 
to their photosynthetic activity, but 
at night both algae and bacteria use 
oxygen in respiratory processes. A 
diurnal cycle of dissolved oxygen 
levels results and when the plankton 


populations become too dense, dis- 
solved oxygen levels reach low lev- 
els at night causing suffocation of 
animal life. 


Proper management of this valu- 
able resource (a perch fishery) re- 
quires the’ limitation of nutrient 
loading from the watershed to a low 
enough level to ensure fish survival 
in the estuarine receiving waters. 
This, in turn, requires a knowledge 
of the sources of nutrient loading 
and the temporal distribution of the 
loading (Correll et. al. 1977; Cor- 
rell and Dixon 1980). 


The example pursued in this ar- 
ticle is typical of the fisheries 
problems encountered in estuaries 
around the world, although the de- 
tails are, of course, not generaliz- 
able. Many of the world's marine and 
estuarine fisheries are dependent for 
their continuance upon headwaters 
Spawning and nursery grounds. These 
waters are generally more subject to 
local pollution problems than are the 
feeding ground of the adult fish. 


MATERIALS AND METHODS 


DESCRIPTION OF STUDY SITE 


The Rhode River is a small (485 
ha; 1,212 acres) subestuary of Chesa- 
peake Bay. It is located just south 
of Annapolis, Maryland. (Latitude 
38° 53' North, Longitude 76° 32' 
West). A map (Figure 1) shows sta- 
tion locations and subwatershed 
boundaries. 


data were col- 
3, and SL. 
is 


The land runoff 
lected from stations 1, 2, 
The land use of  subwatersheds 
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is given in Table 1. The area is 
also given of other subwatersheds 
which drain directly into the head- 
waters but were not monitored. The 


marshes and creek channels near sta-~ 
tions 5, 6, 7, and 8 are tidal but 
remain essentially fresh in the 
spring when spawning and early lar- 


val development occur. The area 
between stations 8 and 9 is com- 
posed of 26 hectares of mud flats 
and 32 hectares of tidal marshes. It 


is shallow and functions as a sedi- 
ment trap for the runoff from the wa- 
tershed. It also acts as a nursery 
ground with low salinity (0-10 ppt) 
and many beds of rooted, submerged 
aquatic plants. The tidal water vol- 
umes, in cubic meters were 9s fol- 
lows: Station 6 to d> 0.2 x 10 ; Sta- 
tion, 7-8, 0.8 x 10 ; Station 8-9, 14 


x 10°. 


LAND RUNOFF MONITORING 


Runoff from watersheds above 
stations 1, 2, 3 and SL was moni- 
tored with 120° sharp-crested Vee- 


notch weirs. Depth of water upstream 
of the weirs was monitored in still- 
ing wells and punched in binary di- 
gital code on paper tape every 15 
minutes with Leupold and Stevens 
Model 7001 punches. Flow was moni- 
tored with Leupold and Stevens Model 
61R flow meters equipped with sampl- 
ing switches. Every 150,000 liters 
(5,297 ft ) of flow the switch closed 
and initiated a water-sampling cycle. 
A peristaltic pump collected a fixed 


volume aliquot. All aliquots were 
composited for one _ week periods. 
Every week the  volume-integrated 
samples were collected for analysis 
of total-P and total-N. At the sam- 
ple pickup times spot samples were 
also taken for analysis of nitrate-N, 
total Kjeldahl-N, dissolved = ortho- 
phosphate-P, and total-P. Runof f 
volumes were calculated from the 
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Figure 1. Map of Rhode River estuary and watershed. Data for this article was collected at stations 


1, 2, 3 and SL for land runoff and at stations 5, 6, 7, 8 and 9 for tidal water quality. Chlorophyll 
a data was collected midway between stations 8 and 9. 
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stilling well depths and the equa- 
tion: Flow (units )y = 2.5 (tan 
120°/2) (units height)~’~. The water- 


shed year was defined as Dec. 1, 1975 
to Nov. 30, 1976 and the seasons were 
arbitrarily defined as _ three-month 
portions of that year. Flow-weighted 
mean nutrient concentrations for sta- 
tions 1, 2, 3 and SL were used to 
calculate a flow-weighted mean for 
the combined four subwatersheds and 
those values were assumed to be re- 
presentative of the water quality of 
runoff from the unmonitored areas. 
Seasonal mean values for nitrate-N 


and dissolved orthophosphate-P as 
percentages of total-N and total-P 
were calculated from spot’ sample 
data. Total-P and the nitrogen 
parameters were determined as de- 
scribed in Correll et. al. (1977). 
Dissolved orthophosphate-P was de- 
termined after filtration of the 
water sample through Millipore HA 


membrane filters (0.45, pore size). 
Total volumes of runoff from water- 
Sheds above stations 1, 2, 3 and 
SL were computed for each week of 
the year and were then multiplied 
by the ratio of total drainage area 
to monitored drainage area to 
obtain total volumes of runoff 
draining directly into the estua- 
rine headwaters. Sources of nutri- 
ents in land runoff were estimated 
by the use of a linear statistical 


model relating the size and land 
use composition of a series. of 
monitored subwatersheds (8 includ- 
ing station l, 2, 3, and SL in 


Figure 1) to the total discharge of 
nutrients from each basin each sea- 


son (Chirlin and Correll 1977; Cor- 
rell et. al. 1977). 
ESTUARINE WATER QUALITY AND PHYTO- 
PLANKTON 

Spot samples were taken weekly 
at stations 5, 6, 7, 8 and 9 (Figure 


> 


ho 


ho 


1) when 
were analyzed 
Kjeldahl-N, 


permitted. These 

nitrate-N, total 
dissolved orthophos- 
phate and total-P using the same 
techniques described above. Dis- 
solved oxygen and water temperature 
were measured with a Yellow Springs 
Instrument Company Model 54, oxy- 
gen electrode’ system. Chlorophyll 
A was determined by filtering wa- 
ter samples through Millipore HA 
filters, then using the fluorimet- 


weather 
for 


ric technique described by Loftus 
and Carpenter (1971). 

RESULTS AND DISCUSSION 
NUTRIENTS AND HYDRODYNAMICS 

The flow-weighted mean nutri- 
ent concentrations of the land 
runoff flowing into the estuarine 
headwater receiving area of the 
Rhode River are shown in Figure 2 


(total-P) and Figure 3 (total-N) as 
weekly bars. Total flow into the 
receiving waters, as volumes of the 
tidal waters above station 9 (Figure 
1) at mean low water are also shown 
as weekly shaded bars in Figure 
2. It is apparent that most of the 
flow occurred in the winter, early 
spring, and mid to late fall. Dur- 
ing weeks 23 to 44, flow never ex- 
ceeded seven tenths of the _ head- 
water volume per week and averaged 


only 0.23. Flow per week was less 
than 5 percent of the headwaters 
volume during nine weeks. Total 
phosphorus concentrations were 
highest in the summer reaching max- 
ima during weeks 32 (2.4 mg/l) and 
36 (1.9 mg/l). Concern for the im- 


receiving waters should be 
expressed when total phosphorus con- 
centrations in receiving waters ex- 
ceed 200 to 300 yg/l for extended per- 


pact on 


iods in Chesapeake Bay. Due to com- 
plexities of estuaries such as 
mixing rates, flushing, and_ the 


Table 1. 


into the tidal headwaters of the estuary. 


Watershed 


sum of 101, 
102,103 
and SL 


122 


Total 


row crops (ha) 


138 (345 ac) 
(16.8%) 


355 (888 ac) 


33 ©6©(82 ac) 


526 (1320 ac) 
(21.8%) 


pasture (ha) 


175 (438 ac) 
(21.3%) 


168 (420 ac) 


1 (2,5 ac) 


344 (860 ac) 
(14.3%) 


Land use data for subwatersheds of Rhode River, which drain directly 


forest (ha) total (ha). 


509 (1270 ac) 822 (2055 ac) 


(61.9%) 


765 (1910 ac) 1288 (3220 ac) 


266 (665 ac) 300 (750 ac) 


1540 (3850 ac) 2410 (6020 ac) 


(63.9%) 


Table 2. Sources of nutrients by land use categories on the Rhode River wa- 
tersheds draining directly into the tidal headwaters of the estuary. 


Part A. Area yield loading rates for summer, 1976 derived from eight 
Rhode River basins. 


Land Use Category Total-P (g/ha) Total-N (g/ha) 

Cultivated Crops 130 (0.114 lb/ac) 1290 (1.140 lb/ac) 
Pasture 8.1 (0.00714 lb/ac) 240 (0.211 lb/ac) 
Forest 31 (0.0273 lb/ac) -69 (-0.0608 lb/ac) 
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Figure 2. Graph of temporal pattern of phosphorus concentrations and runoff total flows. Open bars 
are flow-weighted mean total phosphorus concentrations in land runoff waters. Shaded bars are total 
volumes of land runoff per week normalized to the volume of estuarine water upstream of station 9 in 
Figure 1 at mean low water. The solid line from point to point is the volume-weighted mean total 
phosphorus concentrations for estuarine waters between stations 6 and 7. The broken line is the vol- 


ume-weighted mean total phosphorus concentrations for estuarine waters above station 9. The numbers 
in parentheses below each season are the mean percentage of phosphorus present in runoff waters as 
dissolved orthophosphate. 
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The solid line from point 


Figure 3. 
nitrogrn concentrations in land runoff waters. 
seasonal mean percentages of nitrogen in runoff waters persent as nitrate. 
is the volume-weighted mean concentration of total Kjeldahl nitrogen in the estuarine waters 
The broken line is the volume-weighted mean nitrate concentra- 


in Figure 1. 


to point 
between stations 6 and 7 in Figure 1. 
tion in the estuarine waters between stations 6 and 7 


ARG 


incorporation of phosphorus’ into 
bottom sediments, it is best’ to 
measure phosphorus concentrations 
in the estuary. Volume-weighted 
concentrations of total phospho- 


rus for the waters between stations 
6 and 7 and the tidal waters above 
station 9 are also given in Figure 
2. These generally did not reach 
critical levels for extended pe- 
riods prior to week 31. They then 
rose rapidly with peaks of about 
600 1 g/l at the end of week 32, 
about 900 » g/l at the end of week 
35 and about 800 g/l at the end of 


week 47. Levels then decline again. 
All but the last of the total 
phosphorus peaks are clearly re- 
sponses to watershed runoff, even 
though the volumes of runoff are 
quite low in some cases. For ex- 
ample, the runoff in weeks 31 and 


32 had volumes of 0.015 and 06.018 
of the receiving waters upstream of 
Station 9 and 1.12 and 1.35 times 
the volume in the station 6 to 7 
area. The phosphorus’ concentra- 
tions in the runoff were 650 and 
2,420 yg P/1. The phosphorus con- 
centrations in area 6-7 responded 
more than those in the entire area 
upstream of station 9, as expected. 


The explanation for the _ peak in 
week 47 will be presented after oth- 
er necessary data are discussed. 
The mean percentages of the _ phos- 
phorus in runoff waters which was 
present as dissolved  orthophos- 


phate are given for each season (in 
parentheses on the abscissa). 


In Figure 3 the temporal pattern 


for nitrogen concentrations in run- 
off is presented. The bars are the 
flow-weighted mean concentrations 
of total nitrogen in land runoff. 
The numbers in parentheses’ under 
the seasons are the mean percen- 
tages of total nitrogen in land 
runoff present as nitrate, the form 
of nitrogen most readily utilized 
by plankton. It can be readily 
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seen that the levels in runoff 
seldom exceed the concentrations 
normally associated with impacts 
on receiving waters in Chesapeake 
Bay (2 to 3 mg N/1l). Only during 


weeks 32, 33 and 36 does the level 
of total nitrogen in runoff exceed 
2.0 mg N/1 (5.6, 2.5 and 2.8, re- 
spectively). The levels of nitrate 
in the receiving waters are also 
Shown and generally remained very 
low during the late spring = and 
summer except for a peak in weeks 
36 and 37. This is probably due 


to the fact that runoff waters from 
the watershed contained only about 
three times as much nitrogen as 
phosphorus by weight. Thus, bio- 
logical uptake which normally oc- 
curs in a ratio of about ten nitro- 
gen to one phosphorus draws down 
the level of available nitrogen 
(Figure 3) but leaves excessive lev- 
els of phosphorus (Figure 2) during 
the summer. Total nitrogen in the 
receiving waters (Figure 3) was near 
or above 2 mg N/1l only from week 
38 to 42 with a peak of 4.2 mg N/1 


at the end of week 42. At that 
time an unusually high ratio of 
nitrogen to phosphorus (8.5) was 
present at the same time that nu- 
trient levels were far above ac- 
ceptable standards. The results 
will be discussed in the next 
section. 

ESTUARINE RECEIVING WATERS IMPACT 


Water temperature and dissolved 


oxygen levels at Station 7 are 
plotted in Figure 4. In the winter 
and early spring dissolved oxygen 
levels remained high. This in- 
cluded the spawning period (weeks 
11-15). During weeks 20 and 21 the 
dissolved oxygen went down to be- 
tween 6 and 7 mg/l and the water 
temperature increased to 10. Then 
temperature and dissolved oxygen 
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fluctuated until week 28. After 
week 28, water temperature remained 
high (over 22° C) and dissolved oxy- 
gen remained low (5-8 mg/l) until 
week 40, when dissolved oxygen 
increased for two weeks. Begin- 
ning in week 43, a cooling trend 
is evident and water temperatures 
dropped steadily to 3°C by week 49. 
Dissolved oxygen dropped to an 
observed low for the year of 2.7 
mg/l (at 9:10 a.m.) in week 43, re- 
mained low for a week, then recov- 
ered. Chlorophyll a levels in phyto- 
plankton were also measured as an 
index of response at the first tro- 
phic level. These values also 
reached a maximum during week 43. 
The high plankton levels and _ low 
dissolved oxygen during weeks 43 and 
44 are the most probable explana- 
tion of the high phosphorus levels 
at stations 6 and 7 in week 47. 
When estuarine waters go anaerobic, 
even briefly overnight, high levels 
of phosphate are released from bot- 
tom sediments. Our lack of more 
than weekly data points and the fact 
that the dissolved oxygen readings 
were made several hours after sun- 
rise made this conclusion’ tenta- 
tive. However, sufficient runoff 
occurred (Figure 2) during week 47 
to flush the area, and the runoff 
contained a flow-weighted mean con- 
centration of phosphorus of 
190, g P/1l while the estuarine waters 
between stations 6 and 7 at the end 
of week 47 had 780, g P/1 (Figure 2). 
In the case of total nitrogen, this 
discrepancy is present but not as 
large in week 47. Runoff waters had 
a flow-weighted mean concentration of 
760 yg N/1l while estuarine water had 
1280 ig N/1 (Figure 3). 


Let us look at the sequence 


of events which occurred in late 
summer and fall. During weeks 36 
and 37 runoff volumes (Figure 2) 
which summed up to the volume of 


the headwater estuarine area were 


discharged from the watershed. 


They contained very high  phospho- 
rus levels (Figure 3) and prolonged 
high total phosphorus (Figure 2) and 
total nitrogen levels (Figure 3) due 
to very low flow conditions (Figure 
2) through week 43. During this 
period estuarine nitrogen to _ phos- 
phorus ratios also reached 8-9 and 
a phytoplankton bloom developed 
(Figure 4). Water temperatures were 


still high and dissolved oxygen 
exhibited strong diurnal cycles, 
resulting in very low oxygen levels 
in the mornings during weeks 43 


and 44. The receiving waters must 
have gone anaerobic sometime with- 
in the next several weeks and the 
result was the release of nutrients 


stored in the sediments’ during 
week 4/7, This anaerobic period 
probably occurred during week 4/7 
but went undetected. Only the 
occurrence of high stream _ flows 


(Figure 2) and cool weather (Figure 
4) prevented this plankton activity- 
nutrient release cycle from _ be- 
coming self-reinforcing and the 
occurrence of widespread damage to 
many species of biota. 


SOURCES OF THE NUTRIENTS 


With the 
the sources” of 
estimated for an 


proper data _ base 
nutrients can be 
entire year, a 


season, or a particular storm 
event. In this case we are most 
concerned with the sources of 


nutrients in the storm events of 
weeks 36 and 37 (Figures 2 and 3). 
In order to estimate these sources, 


the first step was to calculate 
area-yield loading rates during 
the summer of 1976 with a_ statis- 


tical model. These are given in 
Table 2, part A. Cultivated crop- 
land had the highest’ rates’ for 
nitrogen and phosphorus’ by far. 
The estimated ratio of yield rates 
for nitrogen and _ phosphorus” was 
also close to ten. Forest phosphorus 


Part B. Calculation of the sources of nutrients from water 
shed land use data (Table 1) and area uelds (Table 2, 
Part A). 


Crops Pasture + Forest = Total 


P-equation: 526(130) + 344(8.1) + 1540 (31) = 118.9 kg P 
68.4 Kg P 2.79 Kg P 47.7 Kg P (262 1b) 
(57.5%) (2.3%) (40.1%) 


N-equation: 526 (1290) + 344 (240) + 1540 (-69) = 656 kg N 
679 Kg N 82.6 Kg N 106 Kg N (1440 lb) 
(104%) (12.6%) (-16.2%) 


area yield was 24. percent that of 
cultivated crops and pasture was only 
6 percent that of cropland. For ni- 
trogen area yield, pasture was 19 
percent that of cropland, while 
forest had a negative yield. This 
indicates forest took up more nitro- 
gen from waters draining through it 
than it released. This is probably 
due to the high rates of evapotrans- 
piration in Maryland forests during 
the summer. It is not unusual in 
the summer to see small streams 
flowing from areas of cropland and 
pasture into forests, then drying 
up before emerging again. 


The next step in calculating 
the sources of nutrients in the 
runoff events of weeks 36 and 3/7 
is the calculation of the estimated 
summer season's total area yields 


of phosphorus and_ nitrogen’ from 


the watersheds of the Rhode River 
estuary, which drain directly into 
the headwaters of the estuary. 
The area of each land use is given 
in Table l. In Table 2, part B, 
the total nutrient yield in runoff 
is calculated as the sum of crop- 


land, pasture, and forest compon- 
ents. Kach component is the pro- 
duct of the number of hectares of 
that land use and the area yield 
for the summer of 1976. Finally, 
the percent of the total seasonal 
nutrient contributed by each land 
use category was calculated. 
Thus, the phosphorus loadings 
during weeks 36 and 3/7 were 
mated to have originated 5/7.5 per- 
cent from cropland, 2.3. percent 
from pasture, and 40.1 percent 
from forest. The nitrogen loadings 
estimated to have originated 
104 percent from cropland, 12.6 
percent from pasture, while 16.2 
percent of the removed 
in the forest. 


esti- 


were 


loading was 


This information is_~ specific 


for the summer of 19/76 and the con- 


clusions probably would be quite dif- 
ferent for other time periods. This 
information could lead to improved 
management of the watershed to reduce 
the likelihood of damage to the fish- 
eries of the estuary. One reasonable 
strategy would be to attempt to re- 
duce the nitrogen in summer runoff 
from cropland. The results would be 
a reduction in the nitrogen to phos- 
phorus ratio in runoff entering the 
estuary and a consequent reduction 
in plankton growth. The reduction 
in nitrogen runoff from cropland 
might be accomplished by alteration 


of crop fertilization and tillage 
practices or by preservation = and 
enlargement of freshwater swamps 


and marshes along’ the drainage 
channels. These swampy areas are 
very effective denitrifiers. In 
this particular case _ the problem 
period is in the month of August. 
The primary crops’ cultivated are 
corn and tobacco, which have begun 
to mature and senesce by that time. 
They are, therefore, less’ likely 
to be removing available, soluble 
nutrient forms from the soil and 
have probably begun to leach sig- 
nificant amounts of nitrogen’ from 
their leaves. This could account 
for the fact that the nitrogen to 
ratio in the runoff was 
high, for the Maryland 


phosphorus 
relatively 
coastal plain. 


CONCLUSIONS 


An annual cycle of data on land 


runoff, estuarine receiving water 


quality and 
been presented and 


impact has 
with 


biological 
analyzed 


respect to a specific estuarine 


fisheries problem: the spawning 


and nursery ground activities of 


two popular recreational] fish 


volumes and nutrient 


Spe Les. The 


land runoff have 
to estuarine water 
period of depressed 
in the estuary has 
been related to high plankton 
activity, which was’ induced _ by 
storm runoff during two weeks in 
the summer preceeded and _ followed 
by periods of low flow and, there- 
fore, of low flushing rates. The 
nitrogen to phosphorus” ratio in 
this runoff as well as the concen- 
tration of nutrients were _ favor- 
able to high plankton growth rates 
resulting in low dissolved oxygen 
at night which, in turn, triggered 
further nutrient releases from 
estuarine bottom sediments. The 
nutrient discharges from eight ba- 
Sins in the summer season were used 
to calculate area yield _ loading 
rates from three different land 
use categories which are common on 
the watershed. The land use composi- 
tion and areas of the watersheds 
which drain directly into the estu- 
arine headwaters and the area yield 
rates were then used to estimate the 


composition of 
been related 
quality. A 


dissolved oxygen 


sources of the nutrients in the 
runoff events which triggered the 
adverse responses’ found  in_ the 
estuary. The majority of the 
nutrients came from cropland rather 
than pasture oor_ forest although 
cropland accounted for only 32 


percent of the watershed area. 
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ABSTRACT 


Ideally, estuarine management is 
the central element in the man-nature 
structure, positioned between infor- 
mation inputs and decision processes, 
on the one hand, and action arenas 
and system states, on the other. 
Tools of estuarine management in- 
clude various forms of zoning, per- 
mitting authority, and _ lease/pur- 
chase. Each of these may be applied 
effectively in the upstream or the 
local context. The best goal in es- 
tuarine management is the predis- 
turbance state, and to achieve this 
goal both general and site-specific 
knowledge are required. At present 
no estuary of our Nation is being 
properly managed, and none has an 
adequate management structure. Al- 
though some progress in estuarine 
management can be made under existing 
authorities, major impetus will come 
only through directed Federal action. 


INTRODUCTION 


The natural waters of the earth 
have contributed immeasureably to the 
development and support of civiliza- 
tion, but the story of society's his- 
torical abuse of aquatic environments 


is well known. This is true of es- 
tuaries of the United States, in par- 
ticular. Documentation may be found 
in the National Estuarine Inventory 
of the U.S. Fish & Wildlife Service 
(1970) and in a hundred or more re- 


cent technical articles and reports. 
Efforts are now being made to reverse 
this trend, but suddenly we face the 
question of how can estuaries really 
be managed. By what institutional 
mechanisms and by what physical means 
can society accomplish the necessary 
management tasks, especially in the 
face of the various competing and of- 
ten conflicting interests? In order 
to answer these questions we first 
must understand the structure of es- 
tuarine management, not as it is but 
as it must become if estuaries are to 
be properly managed. To accomplish 
this we will develop a conceptual 
model of an appropriate estuarine 
management system. 


THE STRUCTURE OF ESTUARINE 


MANAGEMENT 


In Figure 1 are shown three eco- 


logical states of the estuary in 
terms of degree of naturalness, the 
pre-colonial, present, and alterna- 
tive future states. These are re- 
ferred to respectively as S_, Sie 
and 5,. For most of our estuaries 
we do not know precisely what S, was 
like because they were not’ studied 
thoroughly before we modified them 
and, in any event, the aborigines 
certainly had some influence. How- 
ever, we do know roughly what S 
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Environmental states of the estuary in relation to historical time. 
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must have been like for most of the 
estuaries, and this knowledge is 
quite valuable as a reference point 
if we wish to restore them. The 
manager's task really begins with 
the present state (S,) He must aid 
in defining which of the potential 
future states should be achieved, and 
then he must bring to bear the re- 
sources necessary to achieve the de- 


sired S.- 


In Figure 2 we see the arenas 
for managerial action. At the man- 
ager's disposal are the tools of re- 
gulation and intervention, and each 
of these may be employed in the up- 
Stream basin or in the local estua- 
rine environment. In the present con- 
text the word "regulation" is used in 
the sense of controlling or limiting 
the actions of others. For the most 
part, this is passive management be- 
cause it largely involves acceptance 
or denial of requests for permits to 
modify the environment. ‘"Interven- 
tion,” on the other hand, entails 
positive action or intercession on 
behalf of the estuary and its inhabi- 
tants. Regulation might involve re- 
fusal of a permit to build an up- 
stream dam. Intervention might en- 
tail making the dam operators open 
the gates and permit downstream flow 
as dictated by salinity conditions in 
the estuary. In order to move the 
estuary from State, to the desired 
State,, the estuarine manager has at 
his fisposal a bundle of mechanisms 
which can be grouped under the four 
management arenas. However, most ef- 
forts at estuarine management in the 
past have involved regulation rather 
than intervention, and most regula- 
tion has been limited to the local 
rather than the upstream arena. 


In the conduct of its duties 
management must also interface with 
a variety of outside interests and 
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information sources to determine 
which of the potential future states 
should be achieved and how best to 
muster available resources to achieve 
the desired state (Figure 3). Policy 
decisions should be made with the in- 
vited participation of the public, 
private interest groups, and other 
management agencies. Shorter term 
operational decisions must be made 
within the general policy framework, 
and these depend upon intimate tech- 
nical knowledge of the system being 
managed. Important here are re- 
search, modeling and simulation, and 
input of data from system monitoring. 


In overview (Figure 4), estua- 
rine management is the central ele- 
ment in the whole man-nature struc- 
ture, positioned between information 
inputs and decision processes, on 
the one hand, and action arenas and 
System states, on the other. Manage- 
ment is the translator and action 
generator of the system. 


TOOLS OF ESTUARINE MANAGEMENT 


From the foregoing we can now 
recognize four areas in which manage- 
ment can influence the future state 
of the estuary (Figure 5). Although 
it must implement the goals and pol- 
icies established through decision 
processes, management is in a strong 
position itself to influence these 
goals and policies. Nor is manage- 
ment simply the handmaiden of sci- 
ence and technology. It must deter- 
mine what research and monitoring is 
to be carried out to provide the most 
sophisticated and meaningful  know- 
ledge base for its own anticipated 
actions. 


Estuarine management has_ or 
should have authority to regulate 
and intervene in activities through- 
out the drainage basin. Some of the 
types of action in the management 
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Figure 2. The four arenas for estuarine management action. 
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Figure 5. Areas through which management may influence the future state of the estuary. 


440 


arenas are spelled out in Table 1. 
Here we see upstream regulation of 
activities within the stream, on the 
floodplain, and in uplands of the 
surrounding basin. Locally, regula- 
tion might take place within the es- 
tuary, in related wetlands and low- 
lands, and on the barrier islands and 
beaches. The influence of most of 
the regulated activities on fresh- 
water inflow to estuaries has been 
discussed in detail by Darnell et al. 
(1976) and need not be reiterated 
here. 


Of special interest, however, 
are opportunities for active inter- 
vention, because most of these have 
not received comprehensive treatment. 
A few examples are illustrative. (1) 
It seems possible that freshwater 
storage structures might be developed 
for the specific purpose of supplying 
fresh water when needed by the estua- 
ry. For example, in coastal Louis- 
iana the nearly fresh Lake Maurepas 
might be dammed and leveed and used 
as a freshwater holding tank for Lake 
Pontchartrain. (2) Diversions might 
be developed between alternate fresh- 
water sources and estuaries to opti- 
mize the distribution of fresh water. 
For example, to let fresh water flow 
from the Mississippi River into Lake 
Pontchartrain, it could be diverted 
through the Industrial Canal or the 
Bonnet Carre' Spillway which already 
exist, or a new cut could be made at 
the site of an upstream bayou, there- 
by providing three positive mecha- 
nisms for introducing fresh water 
from the river into the lake. (3) 
Another mechanism for supplying fresh 
water to the estuary when needed 
might derive from the permitting au- 
thority. Upstream water diversion 
permits might be approved with res- 
cission clauses, i.e., stipulations, 
which prohibit diversions during per- 
iods when the freshwater flow should 
be shunted to the estuary. (4) Stor- 
age of fresh or low salinity water by 
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estuarine-related marshes and swamps 
could be enhanced by increasing the 
depth or areal extent of such wet- 
lands. Many opportunities for in- 
novative active intervention do ex- 
ist. They should be explored and 
then developed, as necessary. 


What legal tools are available 
to aid in estuarine management? These 
fall into three categories as given 
below: 


ZONING. Local and regional zon- 
ing Ordinances could be employed to 
protect valuable wetlands, flood- 
plains, and critical watershed envi- 
ronments. Such ordinances have been 
widely used for protection of land 
areas, but they could be used for 
protection and enhancement of aquatic 
systems, as well. Sanctuary desig- 
nation, for example, is a form of 
zoning. Where appropriate zoning or- 
dinances exist they should be imple- 
mented. Where they do not exist ef- 
forts must be made to achieve their 
passage. 


PERMITTING AUTHORITY. One of the 
most powerful sets of tools derives 
from the regulatory ability stemming 
from the permitting authority. Non- 
conforming permits could be denied. 
On the other hand, some permits might 
be approved subject to certain condi- 
tions such as least damaging techno- 
logy or rescission clauses (as noted 
above). This area also lends itself 
to bargaining and development of mi- 
tigation measures. 


LEASE AND PURCHASE. Outright 
purchase, with or without condemna- 
tion proceedings, is always a possi- 


bility for critical environmental 
sites. However, long-term leasing 
of certain rights might accomplish 


many of the same ends with much less 
cost and social trauma. 


Table 1. Examples of management action in the four estuarine management 
arenas. 


lL. REGULATION OF HUMAN ACTIVITIES 
A. Upstream 


1. Regulation of instream construction 
(dams, cut-offs, channels, etc.) 


2. Regulation of floodplain activities 
(destruction of floodplain vetetation, construction 
of levees, canals, and other flow-modification features) 


3. Regulation of activities in the surrounding basin 
(wells and other water table lowering structiues; canals and 
other water diversion devices; pavements, culverts, and other 
rapid run-off features) 


B. Local 


1. Regulation of in-water activities 
(dredge and shoal activities; construction of bridges, 
piers, baffles, barriers, and other flow-modification 
structures inside the estuary or at the passes) 


Regulation of nearby wetland and lowland activities 
(construction of canals, levees, and landfills; destruction 
of vegetation in marshes, swamps, and other coastal lowlands) 


RO 


3. Regulation of activities on barrier islands and beaches 
(construction of cuts and canals; destruction of vegetation 
and high dunes; water table lowering) 


Il. INTERVENTION 


A. Upstream 


1. Development of upstream freshwater storage structures 

2. Water release from upstream impoundments. 

3. Addition of rescission clauses to upstream water diversion permits 
B. Downstream 

|. Development of local freshwater storage structures 

2. Development of alternative freshwater sources 

3. Restoration of coastal wetland habitat 


Just as active intervention is 
an area which is yet to be fully ex- 
ploited, the realm of legal tools has 
yet to be thoroughly explored and 
tested. The recent article of Dedmon 
(1980) indicates some of these pos- 
sibilities. 


GOALS OF ESTUARINE MANAGEMENT 


The goals of estuarine manage- 
ment must consist of some compromise 
between the requirements for ecosys- 
stem health and the expressed desires 
of interest groups and the _ public. 
Specific conditions of ecosystem 
health will have to be defined for 
each estuary, but a firm general 
working definition has recently been 
proposed (Darnell and Soniat 1981). 
This is given as follows: 


"Ecosystem health is that state 
in which the components and processes 
remain well within specified limits 
of system integrity selected to in- 
sure that there is no diminution in 
the capacity of the system to render 
its basic services to society 
throughout the indefinite future." 


As pointed out by the authors, 
three factors underlie this defini- 
tion: 


(1) Dedication to the proposi- 
tion, espoused in the National Envi- 
ronmental Policy Act of 1969 (NEPA), 
that unborn generations shall not in- 
herit a ravaged biosphere; 


(2) Existence of a knowledge base 
sufficient for the determination of 
critical limits of tolerance; and 


(3) Willingness of society to estab- 
lish limits of human intrusion well 
short of the absolute limits of sys- 
tem tolerance, i.e., willingness to 
maintain a significant margin of 
safety." 


Do we have the knowledge base 
for the management of estuarine sys- 
tems? In a general sense we do. In 
Figure 6 we see that the typical es- 
tuary is inhabited by four classes 
of organisms. Residents include 
those requiring waters of low salin- 
ity, those requiring high salinity, 
and those which require intermediate 
Salinity or which exhibit fairly 
broad ranges of salinity tolerance. 
Superimposed upon the three resident 
classes is a group of marine-derived 
highly migratory species which re- 
quire a variety of different salin- 
ities and habitats in order to com- 
plete the different life history 
Stages. These migrators also depend 
upon appropriate currents and flow 
rates at specific seasons. Among 
the migrators are most of the com- 
mercially important species. To 
provide for the needs of both res- 
idents and migrators, it is essen- 
tial that salinity conditions of the 
estuary be variable in both space and 
time and that flow rates of the water 
currents not be materially altered 
from those naturally prevailing. The 
best goal for management of any es- 
tuary is to let nature be the pri- 
mary guide. 55 should approximate So 
in certain essential ways. 


PUTTING IT ALL TOGETHER 


We have examined the structure 
of estuarine management and deter- 
mined that there are four basic areas 
of opportunity for management to in- 
fluence the future state of the es- 


tuary: long range policy, science 
and technology, regulation, and in- 
tervention. We have examined the 


tools of estuarine management in- 


cluding aspects of the above as well 
as the three categories of legal ac- 
tion available: 
authority, and 


zoning, permitting 
lease ani purchase. 
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Figure 6. Salinity characteristics of species groups which inhabit the typical estuary. 
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We have also focused briefly upon the 
goals of estuarine management, defin- 
ing ecosystem health, identifying 
the four basic classes of estuarine 
inhabitants, and emphasizing the im- 
portance of letting the natural sys- 
tem be the guide for management. How 
does this exercise in concepts relate 
to the real world? 


Right now we are a long way from 
achieving proper estuarine manage- 
ment. In the first place, who is the 
estuarine manager? Nowhere in the 
Nation can we identify a legally con- 
stituted agency with unambiguous au- 


thority to carry out the effective 
management of a single estuary. Par- 
tial precedents do exist in _ such 


agencies as the Tennessee Valley Au- 
thority, Pacific Northwest Basin Com- 
mission, and Bay Conservation and De- 
velopment Council (for San Francisco 
Bay). What we do have is a variety 
of Federal, state, and local agen- 
cies with overlapping and often con- 
flicting authorities, each attempting 
to manage a different aspect of the 
estuary. Seldom is there a master 
plan, and seldom is there authority 
to influence or control upstream ac- 
tivities which may have dramatic ef- 
fects on the estuary. 


In the second place, we do not 
have the full array of necessary 
legal tools available to those agen- 
cies which do have some estuarine 
jurisdiction. Most of our laws stop 
at the water's edge. In our western 
states historical water remova | 
rights have often been considered in- 
violable, regardless of downstream 


effects. An especially thorny issue 
stems from the fact that’ streams 
cross political boundaries, and up- 
Stream states have little vested in- 
terest in estuarine management. 

Thirdly, we do not have all the 
Site-specific information we need for 
management of individual estuaries, 
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and it is the site-specific knowledge 
that is going to make the “erence 
because each estuary and eacn water- 
shed has a "personality" all its own. 
A managerial strategy which works for 
one estuary may be totally inappro- 
priate for another. This is a cri- 
tical point which must be grasped by 
agencies attempting to manage estua- 
ries. 


Despite the considerations out- 
lined above, there is room for some 
optimism. We have come a long way 
just to be able to factor the problem 
into its components, put the pieces 
back together in meaningful fashion, 
and then look at the whole problem in 
an organized way. We can now at 
least conceptualize management struc- 
ture as it should be and show path- 
ways toward solutions. Because many 
of the solutions involve interstate 
and regional considerations, there 
must be strong Federal involvement. 
The Federal Government, of course, 
is already heavily involved in es- 
tuarine deterioration through such 
programs as Sea Grant and Coastal 
Zone Management, to name only two. 


Despite legislative intent and per- 
haps not faulting any particular 
group, there has not been anything 


between exploitation 
protection. 


like a balance 
and environmental 


In our search for solutions it 
seems that what we really need most 
is an Executive Order from the White 
House pointing out the values of the 
Nation's estuaries and directing all 


Federal agencies to give detailed 
consideration to protection of the 
living resource base. This should 
be followed by specific Federal and 


state legislation empowering the 


agencies to protect the estuarine 
environment and including some au- 
thority to influence activities up- 
stream. Whether a given” estuary 
should be managed by a specific com- 
mission or whether it might continue 


to be managed by a series of dif- 
ferent agencies, each with partial 
jurisdiction, cannot be decided here. 
Experience must dictate the manage- 
ment structure which works best in 
each instance. However, regardless 
of which way we go, for each estuary 
there must be developed a_ specific 
management plan, and the actions of 
each agency must be weighed within 
the framework of the accepted plan. 


Until the day when estuaries are 
rescued through bold Federal action, 
we must seek more effective ways to 
manage with the tools already avail- 
able. One of these tools certainly 
has not been exploited to its full- 


est, and this may be laid at the 
doorstep of the U.S. Environmental 
Protection Agency. All major up- 


stream activities likely to affect 
the quality of the environment in a 
Significant way must be preceded by 
an environmental impact statement if 
there is Federal involvement. This 
Statement should not only address 
the local environmental effects, but 
in light of the present discussion, 
it should address downstream effects 
upon the estuary, as well. Strict 
attention to this requirement should 
greatly retard the rate of estuarine 


deterioration because most of the 
major upstream activities involve 
Federal funding. Another matter, 


also in the lap of the Environmental 
Protection Agency, deals with the 
problem of cumulative impact. The 
Nations's aquatic resources are being 
impacted not only by the major fed- 
erally funded projects, but they are 
also being "nickeled and dimed to 
death" by hundreds of smaller local 
activities whose cumulative effect 
can be severe (Darnell 1978). Com- 
parison of S, and S, for individual 
estuaries reveals the magnitude of 
this issue which has not been faced 
squarely by management agencies to 
date. Perhaps ways may be found for 
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Organizations to insist 
compliance with legis- 


citizens' 
upon agency 
lative intent. 


Estuarine management is complex, 
but it is not an intractable problem. 
Partial solutions already exist, and 
others are within grasp. However, 
the major impetus will come when the 
Federal Government decides that the 
coast is really worth saving and 
focuses upon the heart of the prob- 
lem which is the estuary. 
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INTRODUCTION 


The subject that gives rise to 
this symposium has long been of in- 
terest to researchers and resource 
managers. In 1970, the National 
Academy of Sciences and Engineering 
in its report on the Wastes Manage- 
ment Concepts for the Coastal Zone 
pointed out that freshwater inflow 
should be considered as an urgent and 
specific problem: "As industrial 
operations, river storage, and diver- 
sions increase, advance predictions 
of the principal effects of increas- 
ing or decreasing freshwater flow, 
or of modifying the seasonal flow 
patterns, will become essential" (Na- 
tional Academy of Sciences/National 
Academy of Engineering 1970). 


This need that the Academy saw 
some ten years ago still exists and, 
therefore, this symposium has been 
convened with the expressed goal of 
formulatirg recommendations for solu- 
tion of the many problems associated 
with freshwater inflow to estuaries. 
Of these problems, those of a scien- 
tific and technical nature are of 
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special significance in that, hope- 
fully, these solutions will serve as 
the basis for the planning and man- 
agement decisions. Also, these sci- 
entific and technical problems are 
special in that they demand a level 
of accuracy that is not generaily 
utilized, nor possibly permitted, in 
management or planning activities. 
Scientific-technical problems require 
greater precision and reproducibility 
because of the demands of the proto- 
col that must be followed in applying 
the classical scientific method to a 
problem. They are broad problems re- 
quiring a separate approach for their 
solution. Because of these and other 
differences, they are worthy of sepa- 
rate consideration, and are in fact 
being given that separate considera- 
tion in other sessions of this sympo- 
sium. They are not the main concern 
in this paper, but are considered in 
respect to their influence upon man- 
agement-planning activities which 
consist primarily of taking existing 
scientific information and "translat- 
ing" it into a usable form. In this 
sense, usable means that it will meet 
the demands of the protocol required 
in the "art of the possible" (e.g., 
the political process) 


Through numerous "baseline" 
studies, monitoring studies, and en- 
vironmental impact studies there has 
been developed a wealth of data re- 
lating to the estuarine areas of the 
United States. When questions relat- 
ing to planning and management arise, 
decisionmakers and/or their advisors 
have expectations of receiving at 
least qualified, if not definitive, 
answers from these information sourc- 
es. Their expectations are not al- 
ways fulfilled. This deficiency is 
recognized and attempts to correct it 
are being made. An example of one 
such attempt is the coastal Ecosys- 
tems Characterization Program being 
conducted by the U.S. Fish and Wild- 
life Service, a program expected to 
produce "Efficient ways to manage and 
to transfer the large mass of infor- 
mation to decisionmakers," (U.S. Fish 
& Wildlife Service 1979). The method- 
ology described in this paper pursues 
that theme. 


In the development of such pro- 
cedures and alternatives, a manage- 
ment information and transfer system 
that consists of brief statements of 
principles is likely to receive 
greater use than long narratives. 
Such principles should be used as 
standards against which specific cas- 
es could be gauged in much the same 
manner that a physician compares an 
individual's pulse rate, blood pres- 
sure, and other vital descriptors 
against those that have been record- 
ed in his past examinations. With 
these individual historical data com- 


parisions, along with comparisons 
against other "normal" population 
standards, one is able to determine 
if an individual is within’ the 
"healthy" range for his given age, 
height, weight, sex, etc. It is the 
intent of this paper to present an 
approach that applies principles 
which are similar to this medical 


analogy to estuarine ecosystems. 
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The proposed approach involves 
consideration of the large collec- 
tions of information that have come 
from disparate sources, with the ob- 


jective of discovering its weak- 
nesses, pointing out its predictive 
value, and appraising its range of 


application. This method is propos- 
ed with the full understanding that 
there are potential flaws because 
the data may not be sufficiently syn- 
optic, may not be the epitome of 
classical statistics, or may not have 
the scientific purity of a laboratory 
experiment. Even so, patterns and 
trends should exist that are of value 
for comparative purposes and from 
which predictions can be made or in- 
ferences drawn. Therefore, a method- 
ology is proposed that utilizes ex- 
tant data, from disparate sources, 
for purposes of determining or pre- 
dicting transitory and/or permanent 
effects that natural and/or man-made 
changes (i.e., alteration of freshwa- 
ter inflow) will cause in an estua- 
rine ecosystem. 


MATERIALS AND METHODS 


Estuaries may be generally de- 
fined as semi-enclosed bodies where 
fresh water and sea water meet and 
through their mixing a salinity grad- 


ient is created. In relation to 
their salinity characteristics, es- 
tuaries in the northwestern Gulf of 


Mexico range from one extreme typi- 
fied by the estuaries near the Mis- 


sissippi River to the other repre- 
sented by the Laguna Madre. Estu- 
aries are generally described, in 


addition to their salinity range, by 


tidal amplitude, water temperature, 
bottom sediment type, vegetation 
types, species composition, produc- 


tivity rates, etc. These features of 
estuaries are not narrow-range des- 
criptors. Rather, large differences 
are the norm. As an adaption to 


these recurrent conditions of change, 
estuarine flora and fauna possess a 
degree of resiliency that is quite 
often underestimated. The floods and 
droughts that may come in any season 


Or in any year make an estuary, at 
best, a rough neighborhood in which 
to live and raise a family. However, 
with all these vacillations, estua- 
ries do possess common attributes 
that lie within a range, although 


very broad, that can be considered 
"normal.'' Of these attributes, fresh- 
water content is generally agreed to 
be of prime importance, but questions 
of the proper volume, season(s), and 
duration of freshwater inflow to an 
estuary have not been agreed upon 
unanimously. 


Management decisions in regard 
to altering the quality, timing, and 
quantity of freshwater inflow into 
estuaries require knowledge of the 
response patterns of estuarine com- 
munities to such changes. Through 
analysis of extant multi-year field 
data, actual ecosystem-level response 
patterns to natural salinity varia- 
tions might become detectable. The 
knowledge thus gained could then be 
used to predict the effects’ that 
other proposed alterations would most 
likely produce. In addition, by as- 
sembling the extant data for indivi- 
dual estuaries, the extremes of fluc- 
tations for the various biotic and 
abiotic parameters could be deter- 
mined to give a "range of normalcy" 
for each estuary and provide a basis 
of comparison for predictive’ and 
monitoring purposes. 


DATA SOURCES 


To test the feasibility of des- 


cribing individual estuaries, extant 
data (collected by three separate 
organizations for three’ separate 
"types" of estuaries in Alabama, 


450 


Louisiana, and Texas) were used to 
construct a data base. These data 
were either obtained in a computer- 
ready form on tape, or computer 
files were created from field data to 
facilitate rapid computation, com- 
parison, and automatic plotting of 
these computatations and/or compari- 
sons. 


CHARACTERIZATION RATIONALE 


The proposed methodology con- 
sists of essentially three _ broad 
functional areas: (1) Data Assembly 
and Appraisal; (2) Ecosystem Char- 


acterization and Prediction; and (3) 


Impact Monitoring for Prediction 
Verification. Within each of these 
three areas there are a number of 


steps required as shown in Figure l. 


Data assembly consists primarily 
of literature review and acquisition 
of extant data available in the pub- 
lic domain. Examples of such data 
are those that have been generated in 
various studies sponsored by U.S. 
Federal agencies (e.g., Department of 


Interior, Bureau of Land Management 
Offshore Lease Studies), long-term 
monitoring programs conducted by 
state and Federal agencies, environ- 
mental impact assessments, and uni- 
versity or consultative studies of 
specific project areas. Data from 


such sources are frequently available 
in a computer-ready form and, there- 
fore, immediately available for ana- 
lysis. Those data not available in a 
computer-ready form are so _ entered 
and, thus, an expanded data base is 
created from disparate sources for 
analytical and comparative purposes. 


Using this composite data base, 
inter- and intra-ecosystem evaluation 


and assessments may be conducted. 
These evaluations and assessments, 
because the data are in a_ rapidly 


EXTANT DATA 
IN 


LITERATURE KNOWLEDGE 
ON FATE AND EFFECTS 
OF THIS ACTIVITY 


PUBLIC DOMAIN 


APPRAISAL OF THE BASIC CHARACTERISTICS HISTORICAL 
OF THE ECOSYSTEM WHERE THE ACTIVITY PRECEDENCE IN 
IS TO BE INITIATED SIMILAR ECOSYSTEMS 
wv wv 
INTRA-ECOSYSTEM INTER-ECOSYSTEM 
SIMILARITY SIMILARITY 
ASSESSMENT EVALUATION 


NATURAL VARIABILITY 
DEFINITION 


| | + 


MINIMUM MONITORING + 
PROGRAM DESIGN 
PERMIT ACTIVITY = 


INITIATION 


I 


MONITORING FOR CHANGES (EFFECTS) 


THESE ADDITIONAL DATA 
ITERATIVELY INCREASE THE 
—— CONFIDENCE LEVELS OF THE 
CHARACTERIZATION LEVEL THAT 


AS THE ACTIVITY PROGRESSES + 
TESTING FOR SIGNIFICANT CHANGES BY 
COMPARISON WITH THE REFERENCE 
| THESE RESULTS BECOME 
DETERMINE ECOLOGICAL CHANGE ADDITIONAL HISTORICAL 
PRECEDENCE 


HAS BEEN MADE OF THIS ECOSYSTEM 


Figure 1. Data input 


and procedural activities flow chart for estuarine 


characterization and minimum monitoring program. 
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queriable form, may be carried out 
by either individuals or groups work- 
ing directly with the data base. 
Therefore, through utilizatation of 
information and data from these vari- 
Ous sources, natural variability may 
be defined for a given area. Having 
characterized the area and defined 
its natural variability, an effective 
monitoring program can be designed. 
Because the general character of the 
area has been determined along with 
its natural variability, the monitor- 
ing program may be very selective in 
the number of parameters measured and 
as to the density of measurement. 
Therefore, it would be minimal in 
coverage but should provide high con- 
fidence detection of change. 


Next, the activity is commenced, 
the monitoring program is commenced, 
periodic testing through comparison 
against the composite data base is 
conducted, and the level and magni- 
tude of any ecological change that 
has occurred are estimated. 


RESULTS AND DISCUSSION 


SYSTEM SIMILARITY ASSESSMENT 


Parameters that are considered 
to be important environmental factors 
in estuaries are water temperature, 
salinity, and substrate type. Com- 
parisons based on these parameters 
are good indicators of the environ- 
mental similarity of separate estua- 
ries. For this purpose, data relat- 
ing to those parameters from the fol- 
lowing estuarine areas in the Gulf of 
Mexico were used: Mobile Bay, Ala- 
bama; Timbalier Bay, Louisiana; and 
Lavaca, Copano, and Aransas_ bays, 
Texas. In order to assess the simi- 
larity of these five estuarine areas 
for use as examples for this dis- 
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cussion, seasonal water temperature 
and salinity patterns were deter- 
mined. 
Temperature 

In Figure 2, the mean monthly 
values and one standard deviation 
about that mean are displayed for 


comparative purposes. Comparison of 
the displays show’ seasonal water 
temperature patterns to be essential- 
ly the same for all of the five bays 
(e.g., a low of from 10° to 12°C in 
January-February and a high of 28° 
to 30°C in July-August which repre- 
sents an annual difference of approx- 
imately 18° to 20°C). 


Salinity 

The annual salinity patterns 
within the five bays differ sub- 
stantially (Figure 2). Timbalier 


Bay is a fairly constant, high sali- 
nity bay described as ". simi- 
lar to many other bays along the 
Central Gulf Coast. It differs in 
that it is normally less affected by 
large rivers and is, thus, more sa- 
line" (Price 1979). Mobile Bay has a 
highly variable salinity range tend- 
ing toward lower salinity with ob- 
served changes in freshwater dis- 
charge rate of t10X occurring within 
a 15-day period (Schroeder 1978). La- 
vaca Bay is known to experience wide 
salinity fluctuations with a high sa- 
linity average. Armstrong and Hinson 
(1978) postulate that "Solunar Tides, 
though small, may provide the prime 
mechanism for water movement. . 
In the other two bays the annual sa- 
linity range is generally lower in 
Copano Bay than Timbalier Bay and 
higher in Aransas Bay than in Mobile 
Bay. It has been shown that river 
flooding changes’ salinity in the 
Copano-Aransas bays area from about 
4 parts per thousand in Mission Bay 
to about 26 ppt in the vicinity of 
Mud Island (Brown et al. 1976). 
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Figure 2. The mean monthly value and one standard deviation for water tem- 
perature (in centigrade) and salinity (in parts per thousand) for five bays in 
the Gulf of Mexico. 
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The sediment types in the five 
bays have been described through 
various studies. "The types of sedi- 
ment found in Timbalier Bay were 
silt, sandy silt, silty sand, and 
sand (Jones and Williams 1979). Is- 
phording and Lamb (1979) described 
the sediment types of Mobile Bay 
as "Most of the sediments in the bay 
are sands or clays or mixtures of the 
two. The percentages of silt are 
generally low, although large areas 
of the bay have some silt content." 
Aransas and Copano bays ". are 
floored by substrates composed of (1) 
mottled bay and lagoon mud with some 


shell, (2) oyster reefs and reef 
flanks, and (3) inter-reef mud with 
oyster shell" (Brown et al. 1976). 


Lavaca Bay consists of oyster reefs, 
bay sand with mixed shell, mud, and 


shell fragments (McGowen et al. 
1976). There are essentially five 
major components common to all five 
bays: sand, mud, silt, shell frag- 
ments, and active oyster reefs. 
Biota 


For purposes of this paper an 
appraisal was carried out to deter- 
mine the similarity of the habitat 
and inhabitats within five bays. 
This was not an attempt to precisely 
predict the type and magnitude of ef- 
fects that a given activity would 
have, but rather to show that there 
is sufficient similarity between es- 
tuaries in the Gulf of Mexico to ex- 
pect at least that similar activities 
in similar estuaries will produce 
similar results. 


It has been shown that macroin- 
vertebrate benthos populations are 
greatly influenced (e.g., species 
abundance, composition, etc.) by sa- 
linity, sediment type, and certain 
other habitat features (Parker 1956). 
In this paper a component of the ben- 
thos (e.g., polychaetes) was used as 
an example of the estuarine fauna for 
illustrative purposes. Because of 
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their sedentary habits, polychaetes 
are especially good indicators of 
conditions, past and present. By 


dwelling in the bottom sediments they 
are placed constantly and intimately 
in contact with the most severe na- 
tural changes (e.g., salinity, dis- 
solved oxygen) that occur in estu- 
aries. Also they are located in the 
"sink area" of pollutant deposition 
and accumulation. They should be, 
therefore, early indicators of 
stressed environments. 


A species spectrum for _ poly- 
chaetes taken from each of the five 
bays was constructed by ranking the 
mean abundance of each species and 
one standard deviation about that 
mean (Figure 3). These data were 
obtained over the following periods 
of time: 37 months for Lavaca Bay, 
32 months for Copano and Aransas 
bays, 12 months for Timbalier Bay, 
and 12 months for Mobile Bay. They 
generally conform to the_~ species 
spectrum pattern one might expect to 
find. In addition, Mackin (1971) and 
Harper (1973) have characterized the 
macroinvertebrate populations of the 
Gulf of Mexico as having lowest popu- 
lations in summer and highest popula- 
tions in spring and, although space 
in this paper does not permit display 
of polychaete populations in the five 
bays, they do when plotted generally 
conform to the pattern of seasonal 
abundance. 


DEFINITION OF THE NATURAL VARIABILITY 


Natural variabilities of coastal 
ecosystems are a measure of the en- 
vironmental changes to which the res- 


ident biota are adjusted. If there 
are no persistent changes outside 
the limits of natural change (e.g., 
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Figure 3. Species spectra for polychaetes from five bays in the Gulf of Mexico constructed by ranking 
the mean abundance of each species. 
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seasonally and/or annually) that oc- 
cur, the community may be considered 
"healthy" or "normal." 


Natural variability of biologi- 
cal communities can be determined 
Statistically for a given ecosystem. 
The abundance and structure of the 
biota should vary within statistical- 
ly defined limits. To detect and/or 
measure persistent decline or change, 
a reference standard is needed. For 
this purpose, statistical means and 
standard deviation are appropriate. 


By definition, plus or minus one 
standard deviation includes approxi- 
mately two-thirds of the measurements 
from which it is computed. The data 
used in the studies show deviations 
in environmental parameters which are 
larger than this value. This occurs 
in less then one-third of the mea- 
surements and therefore permits use 
of the one standard deviation as a 
reference for defining normality. In 
addition, the excursion of both the 
environmental and biological para- 
meters beyond one standard deviation 
can generally be attributed to epi- 
sodic natural events (i.e., floods, 
etc.). The data show, also, that 
biotic recovery from these events is 


both predictable and_ rapid. The 
question remains, however, as_ to 
whether natural variability limits 


are acceptable in detecting or con- 
trolling non-natural variations in 
the environment --e.g., inflow of na- 
tural or non-natural materials. 


MINIMUM MONITORING PROGRAM DESIGN 


Estuarine systems that have sim- 
ilar physical and chemical character- 
istics may be expected to have sim- 
ilar population structure character- 
istics (i.e., species abundance, 
richness, diversity, frequency dis- 


tribution, etc.). Undesirable change, 
or damage, to the ecosystem should be 
shown by a change in these structural 
indices of the resident biota. It 
may be evidenced by changes in abun- 
dance and relative abundance (i.e., 
abnormal increases, abnormal scarcity 
and/or disappearance of one or more 
species). Such changes can be mea- 
sured and quantified, thus providing 
a more direct and definitive means 
for detecting ecological change, or 


damage, than evironmental quality 
indices or standards. 
JUDGING THE MONITORING DATA AND 


DETECTING DEVIATIONS 


In an attempt to establish a 
"uniform regime" in which structural 
indices could be examined with data 
from one of the bays (e.g., Lavaca), 
only sampling stations that were in 
approximately the same water depth 
and substrate type were considered. 
The spatial variability of the sta- 
tions within this regime was deter- 
mined and compared to salinity levels 
along a transect from inner-bay to 
outer bay (Figure 4A). In addition, 
temporal variability was examined 
and variability at the species-level 
was determined based on data covering 
a four-year period (Figures 4B and 
4C). 


Similarity patterns for ten (10) 
stations located in the "regime" were 
examined. The inner-bay, mid-bay, 
and outer-bay stations display a uni- 
form spatial gradient in_ species 
richness. This gradient appears to 
exist every season and, therefore, 
interpolation between sampling loc- 
ations should be possible. Based on 
this type of spatial similarity eval- 
uation a minimum number of stations 
selected for monitoring would con- 
Sist of the mid-bay station as the 
principal monitoring station, along 
with occasional measurements at the 


A ~ 6.0 
©p) 
ws 

» vr 405 

b I 

2 SALINITY - Y 

. oY a 

a 

y to 

‘ 2.00 
SPECIES w 
RICHNESS WY 
o LH ae ae ae a ae a 4 L 0 
| 4 2 4 € oO 7 8 4 10 
SAMPLING STATIONS 

INNER BAY OUTER BAY 

»o © » #£& & FF @ YF ZR = B B 

at ¢ ¢ c c ¢ pa c c c c c < 

-_ 

aq 

y © | 
WY 2.0F 
Wy — 
24 
I 
OB + 
S meade @ @ eee @ So athe @ 6 o dhe < 8 oo eho co ace — — 
~ 
Ww Or | 
O 
Li 
a 
WwW = 
- Se ee ee ae ee ee 
J F M A M J J A S 0 N D 
SAMPLING MONTH 
c | #11] 
YY) 40.0 t 
al ; 
c= § 
O 7 
S Y 
S 20.0- l 
uo $40 
Oo L aig ; 
- 
: ttt 
2 “ttf ffebfeoesTootuans PT | 
Aan DUUEUUUUEREEUEREEET Hfnittniss LLL LLL eboorerererniyiiriiniirr rin 
C) uw > wo © oO wo © wo oO wo €> 
~ “ a rs rs = t wo wo o wo tS t o 
SPECIES 
Figure 4. Displays of data relating to macroinvertebrates in Lavaca Bay, 


Texas showing influence of habitat parameters and population variability. 
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inner- and outer-bay stations for 
verification. 
Figure 4B shows the’ seasonal 


variability patterns. The shape of 
the seasonality curve agrees with the 
expected behavior of the first half- 
year showing recruitment and growth, 
and the second half-year showing pop- 
ulation decline, a pattern character- 
istic of macroinvertebrate popula- 
tions in the Gulf of Mexico (Mackin 
1971, and Harper 1973). Awareness of 
this cyclical pattern should enable 
one to reduce monitoring frequency of 
macroinvertebrates in the Gulf of 
Mexico and still monitor seasonal ef- 
fects. 


Figure 4C displays the mean 
abundance of each of the 81 benthic 
taxa at the mid-bay station. The all 


station mean was compared to that of 
inner-, mid-, and outer-bay stations. 
A gradient in abundance from outer- 
bay to inner-bay exists, even at in- 
dividual species-level, which sug- 
gests that sampling the mid-bay sta- 
tion alone would give an "average 
value" for the benthic organisms in 
the bay. Therefore, the mid-bay sta- 
tion may be sufficient for system- 
level monitoring and may suffice as 
the principal monitoring station. 


the data considered 
June and November ap- 
impor 
Ini- 


Based upon 
in this paper, 
pear to be months of principal 
tance for seasonal monitoring. 


tially, sampling should be conducted 
in other months for verification of 
seasonal monitoring adequacy. The 
selection of the additional time for 
sampling would be dependent upon the 
nature of the problem under study. 
For illustrative purposes, the 
natural variability patterns (spat- 
ial, temporal, and_ species-level) 
are shown for polychaetes in Lavaca 


serves as a refer- 
in the future, de- 
viations outside the limits of natu- 
ral variability in the community. 
Therefore, data obtained from a mon- 
itoring program can be tested against 
this reference and, as long as they 
fall within the natural variability 
limits, the activity would not be 
considered detrimental. The spatial 
variability patterns established will 
aid in the immediate detection of 
localized point source effects which 
will show up as deviations from the 
normal gradient (Figure 5A). The 
temporal variability limits will aid 
in distinguishing transient fluctua- 
tions from persistent declining 
trends (Figure 5B). A shift in com- 
munity structure is directly observ- 
able by comparison against the refer- 
ence species spectrum (Figure 5C). 


Bay. This, then, 
ence for gauging, 


CONCLUSIONS 
FEASIBILITY EVALUATION 
In an evaluation of the feasi- 
bility of this approach, an attempt 
was made to consider’ scientific 
soundness and whether practical im- 
plementation is possible. Based on 


these considerations it appears that: 


}. It 
fects 

structural 
as a reference 


is possible to determine ef- 
directly by defining community 
indices and, using this 
framework to compare 
against data obtained from monitor- 
ing programs, to test for deviations 
that exceed natural variability. This 


iS a more direct way to investigate 
actual impacts than by measuring wa- 
ter quality or chemical concentra- 
tions, etc. and indirectly inferring 
effects based on laboratory-deter- 
mined cause-effect relationships. 
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2. Data are extant for many estua- 
ries in the United States with ade- 
quate spatial and temporal density to 
permit initial definitions of the 
natural variability patterns of most 
habitat and inhabitant components. 
Such initial definitions would be 
improved as new data become available 
from the concurrent monitoring pro- 
gram that is conducted as a part of 
this methodology. 


Fe Data, freely accessible in a 
computer-ready form, can be repeated- 
ly and rapidly evaluated by a number 
of scientists employing computer-as- 
sisted techniques. Through analysis/ 
display of extant data, and those 
developed in future programs, errors 
Or wrong impressions inherent when 
interpreting narrative reports could 
be eliminated. This provides a meth- 
od for characterizing and monitoriryz 
estuaries that is more dynamic and 
direct than those commonly used. 


4. By determining the similarity of 
given ecosystems (one in which a de- 
velopment or a change has occurred 
and another where a similar activity 
is to be carried out), a basis for 
impact prediction based on histor- 
ical precedent can be _ developed. 
Where similarities are high, inter- 
ecosystem extrapolation of effects 
can be made with confidence levels 
adequate to predict that unaccept- 
able ecological changes are either 
likely or unlikely to occur. The 
ecological risks taken are consid- 
ered to be within acceptable limits 
because the prediction is based on 
records of actual field-level re- 
ponses to the same type of activity, 
and safeguarded by the monitoring 
program that is conducted while the 
activity progresses. 


5. A minimum monitoring program can 
be designed, based on an analysis of 
the similarity patterns within the 


ecosystem where the activity is to be 
initiated and, thus, reduce the spa- 
tial and temporal sampling frequency 
required. 


6. Many types of resource use activ- 
ities have been carried out in the 
past within a number of different 
types of ecosystems, and these pro- 
vide opportunities to measure actual 
long-term cumulative effects. Even 
though pre-activity baselines’ at 
these sites may not have been record- 
ed, it is possible through after-the- 


fact case histories to detect cumula- 


tive effects. Such case histories 
indicate tolerance limits for: (1) 
different types of activities, (2) 


carried out at varying levels of in- 
tensity, and (3) in ecosystems with 
different and/or similar habitat and 
inhabitant characteristics. 


BENEFITS AND WEAKNESSES 


The primary benefit to be de- 
rived from this approach is that it 
takes advantage of available field 
knowledge of actual ecosystem-level 
response to various’ resource’ use 
activities. The concept’ presented 
here provides a method for at least 
predicting the possible effects a 
given type of activity would be ex- 
pected to produce at sites having 
characteristics similar to_ those 
where a similar activity has been 
carried out. The criteria for de- 
fining ecosystem similarities, com- 
bined with a minimal monitoring 
program imposed, produce aé_=e system 
whereby risks could be predicted 
and changes gauged to insure that 
damage does not go undetected. This 
is a practical method that should 
be more reliable in averting envir- 
onmental damage as compared with the 
indirect methods of environmen'al 
assessment that are practiced today. 
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ABSTRACT 


The fresh water from the Santee 
River drainage basin was diverted 
through the Santee-Cooper hydroelec- 
tric plant into the Cooper River in 


1942. This increased the average 
flow in the Cooper River from 72 
cubic feet per second (cfs) to 


15,600 cfs, and concomitant sediment 
resulted in a tremendous increase in 
shoaling in Charleston Harbor. The 
U.S. Army Corps of Engineers has 
initiated a project to alleviate this 
shoaling problem by rediverting most 
of this fresh water back into the 
Santee channel and reducing the aver- 
age weekly flow in the Cooper River 
to approximately 3,000 cfs. This re- 
diversion is scheduled to be _ com- 
pleted in 1982. It is projected that 
fish and wildlife resources will be 
subjected to substantial impacts as 
a result of rediversion. Highly pro- 
ductive oyster and clam beds will be 
displaced or destroyed, as will valu- 
able shrimp and _ finfish nursery 
areas. Severe reduction of fresh- 
water flows into the Cooper River 
drainage will result in the dis- 
placement of freshwater and _ brack- 
ish marsh vegetation by saltmarsh 


plants; conversely, increases’ in 
freshwater flows into the Santee Riv- 
er drainage will cause salt marsh and 
brackish marsh vegetation to be suc- 
ceeded by freshwater plants. These 
vegetative changes will cause pro- 
found changes in the wildlife popula- 
tions of these two river drainages. 


INTRODUCTION 


The original Santee-Cooper Di- 
version Project was constructed and 
is operated by the South Carolina 
Public Service Authority. Its major 
feature was the impoundment of the 
Santee River and the diversion of 
most of its water to the Cooper Riv- 
er basin to take advantage of the 


greater fall in the Cooper basin 
for generating electricity. Prior 
to diversion in 1942, the Santee 


River had the fourth largest dis- 
charge on the Atlantic coast of the 
United States (U.S. Army Corps of 
Engineers 1975). This original 
diversion project increased the aver- 
age annual flow of the Cooper River 
at Pinopolis from 72 cfs (2 m/sec) 
to 15,600 cfs (441.5 m/sec), while 
reducing the average annual flow of 
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the Santee River at the present site 


of Wilson, Dam from about 15,500 cfs 
(438.7 m/sec) to 2,230 cfs (63.1 
m/sec) (U.S. Army Corps of Engi- 


neers 1975). 


Increased shoaling in Charles- 
ton Harbor was an unanticipated re- 
sult of the Santee-Cooper diversion 
project. The average annual amount 
of material dredged from Charles- 
ton Harbor increased gf rom 500 ,000 
cubic yards (382,300 m’) before di- 
version to 0,000,000 cubic yards 
(7,646,000 m ) a few years after 
the project was completed. Studies 
since 1942 have revealed that the 
greatly increased inflow of fresh 
water to the harbor interacts with 
the tidal inflow of saline water 
from the Atlantic Ocean to _ form 
density currents which entrap sedi- 
ments and create vast shoals. This 
large increase in shoaling resulted 
in a tremendous increase in mainte- 


nance dredging requirements’ for 
Charleston Harbor (Mathews et al. 
1980). Thus, in 1966 the Corps of 
Engineers proposed to reduce the 
shoaling problem in Charleston Har- 
bor by rediverting most of the 


Original Santee River flow back in- 
to the Santee basin. The Santee- 
Cooper Rediversion Project was 
authorized by the River and Harbor 
Act of 1968 (U.S. Army Corps of 
Engineers 1975). 


The Santee-Cooper’ Rediversion 
Project (Figure 1) proposes to re- 
duce shoaling in Charleston Harbor 
by rediverting water to the lower 
Santee River so that flows in the 
Cooper River are limited to a 
weekly average of 3,000 cfs (84.9 
m/sec), an amount determined by 
Corps of Engineers' sediment model- 
ing studies to be insufficient for 
the formation of density currents 
and the entrapment of sediment. The 
Corps of Engineers’ sediment model- 
ing studies for Charleston Harbor 
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have been the subject of controversy 
among physical scientists in recent 
years, with some contending that the 
Santee-Cooper Rediversion Project 
will greatly reduce shoaling in the 
harbor while others maintain that 
the sediments are largely ocean-de- 
rived and that the Rediversion Proj- 
ect will have little effect on shoal- 
ing (Van Nieuwenhuise et al. 1978). 


At present, the Cooper River 
estuary is typically a= stratified 
estuary with the salt wedge extend- 
ing up to river mile 17 and the 


salinity gradient ranging from 27 
ppt at the mouth to permanent fresh 
water at river mile 30 (Figure 1) 
(Mathews and Shealy 1978). During 
low flow conditions in fall of 1978, 
when freshwater input approximated 
those quantities expected after re- 
diversion, stratification was very 
weak or not present at all in both 
the Cooper and Wando rivers (Burrell 
and Carson 1978; Shealy and Bishop 
1979). 


The Santee River bifurcates at 
approximately river mile 15 (Figure 
1). Most of the river flow (85 per- 
cent) moves through the north branch 
and therefore salinities are lower 
here than in the south branch (U.S. 
Army Corps of Engineers 1975). The 
permanent freshwater line in_ each 
distributary occurs at approximately 
river mile ll. The lower reaches of 
each branch are thoroughly mixed, 
with salinities usually greater than 
25 ppt near the mouths (Kjerfve 
1976). 


Periodically, when rainfall is 
excessive in the Santee drainage 
basin, water is released at Wilson 
Dam to control water levels in Lake 
Marion. This results in vertical sa- 
linity stratification near the mouth 
or, im extreme cases, in fresh water 
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Figure 1. The Cooper and Santee estuaries, South Carolina, showing areas 
affected by the rediversion project. 
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extending nearly a mile off shore on 
the surface (Burrell 1977). 


Several general studies of the 
biota of the Cooper and Santee estua- 
ries have been completed. One, an 
investigation of the oyster’ re- 
sources of South Carolina by J. D. 
Battle (1891), provides good distri- 
bution data that precedes diversion. 
Bears Bluff Laboratories (1964) con- 
ducted a year-long study of the 
Cooper and Santee systems (1963-1964) 
to assess oyster, fish, shrimp, crab 
and plankton populations when "redi- 
version" was being investigated as a 
possible solution to siltation in 
Charleston Harbor. More recently, 
the South Carolina Marine Resources 
Research Institute has conducted in- 


tensive multi-year chemical, phys- 
ical, and biological surveys of the 
Cooper (1973-1979) and the Santee 


(1975-1977) river systems (S.C. Wild- 
life and Marine Resources Department 
1979). <A number of other works more 
specific in scope or limited in dura- 
tion have focused on various compo- 
nents of these two estuaries. These 
include surveys of anadromous fishes 
(S.C. Wildlife and Marine Resources 
Department 1979), oysters and clams 
(Burrell 1977, Rhodes et al. 1977, 
Burrell et al. 1980), benthic in- 
vertebrates (Calder and Boothe 1977, 
Calder et al. 1977), fish eggs and 
larvae (Wakefield and Lyons 1975), 
and flora (Batson 1974, Batson and 
Blackwelder 1974; Statler 1974). 
Most of these reports are summarized 
in Sandifer et al. (1980). These 
data provide considerable baseline 
information on living components of 
these estuaries, but leave such 
things as community structure = and 
interactions with physical and chem- 
ical attributes of the marine envi- 
ronment subjects of conjecture. 
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Several ongoing biological stud- 
ies, designed to help assess the im- 
pacts of the Santee-Cooper Rediver- 
sion Project, are being conducted by 
the U.S. Fish and Wildlife Service 
and the South Carolina Wildlife and 
Marine Resources’ Department. One 
study is designed to assess popula- 
tion characteristics and migration 
patterns of blueback herring in the 
Santee River system, while a _ second 
study is investigating spawning acti- 
vities and rej,uirements of this spe- 
cies in both the Santee and Cooper 
river systems. A one-year effort to 
determine forage patterns of major 
predators, with emphasis on striped 
bass, is being conducted in _ lakes 
Marion and Moultrie. A vegetative 
cover mapping effort is ongoing for 
both the Santee and Cooper portions 
of the Rediversion Project area, and 
this effort will expand into a long- 
term monitoring study of vegetative 
changes brought about’ by _ project 
completion. In addition to these 
studies by state and Federal agency 
personnel, researchers from The Cita- 
del are studying ecological succes- 
sion in impoundments of the Cooper 
River drainage that will be affected 
by the Rediversion Project. 


FISHERY RESOURCES 


Both the Cooper and Santee sys- 
tems serve as important fish nursery 


grounds. Those species of most com- 
mercial and recreational importance 
are the penaeid shrimp; flounders 
(Paralichthys spp.); sciaenid fishes 
such as spot (Leiostomus xanthurus), 
seatrout (Cynoscion spp.), red drum 
(Sciaenops ocellata), kingfish (Men- 
ticirrhus spp.), Atlantic  croaker 
(Micropogonias undulatus), and black 


drum (Pogonias cromis);,; and the blue 


crab (Callinectes sapidus). Sturgeon 
(Acipenser spp.), herring and shad 
(Alosa spp.), and striped bass 
(Morone saxatilis) are important ana- 
dromous species which spawn in the 
freshwater portions of these rivers. 
The American eel (Anguilla rostrata), 
a catadromous species, utilizes 
these waters extensively. Adults of 
many of these and other finfish mul- 


let (Mugil spp.), bluefish (Pomatomus 


saltatrix), and sheepshead (Archosar- 
gus probatocephalus) are caught by 
both recreational fisherman and com- 
mercial gill net operators in these 
estuaries (Bears Bluff Laboratories 
1964, Shealy et al. 1974). Sturgeon 
nets and shad nets are also fished at 
the mouth of the Santee, this being 
one of the few viable Atlantic sturg- 
eon fisheries remaining in the United 
States (S.C. Wildlife and Marine Re- 
sources Department 1979). Hard clams 


(Mercenaria mercenaria) and oysters 
(Crassostrea virginica) are extens- 
ively harvested from lower Santee 


beds, while subtidal oysters from the 
Wando River are transplanted as seed 
to other areas (Manzi et al. 1977, 
Rhodes et al. 1977, Burrell et al] 
1980). Blue crabs are harvested com- 
merically in Charleston Harbor and in 
the Santee They are also a prized 
recreational species in the Charles- 
ton Harbor System. 


Commercial harvesting of pen- 
aeid shrimp maturing in these estua- 
ries takes place in the sea in close 


proximity to the various” river 
mouths, with the exception of North 
Santee Bay which is opened in fall 
for commercial taking of white 
shrimp, Penaeus setiferus. Recrea- 


tional harvest of shrimp is permitted 
in these estuaries and large quanti- 
ties are landed with a variety of 
gear. 
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Spawning stock used _ by_ the 
Dennis Wildlife Center Striped Bass 
Hatchery is obtained at the base of 
Pinopolis Dam on the Cooper River. 
This hatchery distributes some 55 
million striped bass and_ hybrid 
bass larvae throughout the country 
(S.C. Wildlife and Marine Resources 
Department 1979). The blueback her- 
ring (Alosa aestivalis) is the most 
important forage fish for the land- 
locked striped bass populations in 
lakes Marion and Moultrie, and they 
are recruited via the locks at Pino- 
polis Dam. ‘Two other clupeid striped 
bass prey species, the threadfin shad 
(Dorosoma petenense) and gizzard shad 
(Dorosoma cepedianum), enter the 
lakes via these locks. 


WILDLIFE RESOURCES 


Land in the Santee portion of 
the project area is largely undevel- 
oped woodland and marsh, with a major 
portion of the basin south of the 
Santee River comprising the Francis 
Marion National Forest. This forest 
contains 249,412 acres (100,937 ha) 
and is bounded by the Santee River on 
the north, the Atlantic Intracoastal 
Waterway on the east, the Wando River 
on the south, and Lake Moultrie and 
the Cooper River on the west (U.S. 
Department of Agriculture, Forest 
Service 1977). Much of the Santee 
Delta area is in state ownership, in- 
cluding the 25,000-acre (10,100 ha) 
Santee Coastal Reserve and_ the 
17,845-acre (7,210 ha) Tom Yawkey 
Wildlife Center. The Cape Romain Na- 


tional Wildlife Refuge, containing 
55,066 acres (22,250 ha) of barrier 
islands, marshlands, bays, and tidal 
creeks, stretches for 15 miles (24 
km) along the South Carolina coas- 
between the mouths of the Santee and 


Cooper rivers. 


Wildlife habitat abounds in the 
Santee portion of the project area, 
including varying-aged pine stands, 
mixed pine-hardwoods, mixed _hard- 
woods, seasonally flooded hardwoods, 
cypress-tupelo swamp, managed _ im- 
poundments, abandoned rice _ fields, 
cultivated fields, and pastureland 
(McKenzie et al. 1980). Ecotonal 
zones, areas of interspersion  be- 
tween adjacent habitats, are abundant 
in this area and support large and 
diverse wildlife populations. Bird 
and mammal populations are especially 
diverse, with waterfowl and white- 
tailed deer (Odocoileus virginianus) 
providing the base for extensive rec- 
reational use of the area. 


Land in the Cooper River basin 


has been subjected to considerable 
development pressure. The Greater 
Charleston Metropolitan Area_ sur- 


rounds the mouth of the river, and 


the lower half of the basin has 
undergone considerable development 
for residential and industrial use. 
Agricultural and forestry activi- 
ties constitute the primary land 
uses in the upper portion of the 
basin. 


Wildlife habitat in the Cooper 
basin is of fairly high quality, al- 
though it differs considerably from 
that found in the lower Santee basin. 
Terrestrial habitats have been re- 
duced by development pressures, and 
mammal and other terrestrial animal 
populations have declined according- 
ly. Waterfowl and wading bird habi- 
tats, however, particularly in the 
form of abandoned ricefields, are 
both abundant and of high quality. 


species of recrea- 
tional importance in the rcdiver- 
sion project area include the white- 
tai.ed deer, turkey (Meleagris gall- 


Terrestrial 


468 


opavo), gray squirrel (Sciurus car- 
olinensis), fox squirrel (S. niger), 


raccoon (Procyon lotor), and opossum 


(Didelphis marsupialis). Of particu- 
lar recreational interest are _ the 
numbers and diversity of waterfowl 


species that utilize the impoundments 
during the winter months. Dabbling 
ducks occurring most commonly include 


mallards (Anas platyrhynchos), gad- 
walls (A. strepera),  blue-winged 
teals (A. discors), green-winged 
teals (A. crecca), pintails (A. 


acuta), and wood ‘ducks (Aix sponsa a). 
Diving ducks include the ring-necked 
duck (Aythya collaris) and the can- 
vasback (Aythya valisineria). As- 
sociated with the waterfowl in im- 
poundment and marsh habitats are the 
American coot (Fulica americana), 
Virginia rail (Rallus limicola), king 
rail (R. elegans), yellow rail (Co- 
turnicops noveboracensis), and sora 
rail (Porzana carolina) (McKenzie et 
al. 1980). 


and threatened spe- 
recorded from the _ rediversion 
include eastern cougar 
concol. cougar), southern 
bald eagle (Haliaeetus 1. leucocepha- 
lus), Arctic peregrine falcon (Falco 
peregrinus tundrius), eastern brown 
pelican (Pelecanus occidentalis 
carolinensis), Bachman's warbler 
(Vermivora bachmanii), red-cockaded 
woodpecker (Picoides borealis), Amer- 
ican alligator (Alligator miss SS1P" 
piensis), Kemp's ridley turtle (Lepi 

dochelys kempi), green turtle (chates 


nia mydas), hawksbill turtle (Eretmo- 
chelys imbricata), leatherback turtle 
(Dermochelys coriacea), loggerhead 
turtle (Caretta caretta), and short- 
nose sturgeon (Acipenser  breviros- 
trum) (National 


tr Fish and Wildlife 
Laboratory 1980). 


Endangered 
cies 
project area 
(Felis concolor 


PROJECTED IMPACTS ON FISHERIES 


on 
other 


fishery resources, 
wildlife, are 


Impacts 


as well as 


anticipated. Alterations of salinity 
regimes in the two basins will affect 
fisheries significantly and, based on 
present knowledge, offer the best 
predictive factor. Other physical 
and chemical changes, such as current 
flow, sedimentation, and pollutant 
concentrations, will be reflected in 
distribution and abundance of the 
fisheries species involved; however, 
data to even conjecture on the degree 
of impact are lacking. 


Loss of some if not all of the 
hard clam and oyster beds in the low- 
er Santee can be expected. Prior to 


diversion, these species were not 
present in the lower Santee, and on 
occasions of large runoff, shellfish 


resources in adjacent growing areas 
suffered Significant mortalities 
(Lunz 1938). After diversion, fresh- 
water oyster kills were reported in 
the Santee (Burrell 1977). Loss of 
seed oysters in the Wando may also 
occur with an increase in salinity in 
Charleston Harbor. Predators such as 
the oyster drill (Urosalpinx cinaria, 
Eupleura caudata) and boring sponge 
(Cliona spp.) and the oyster patho- 
gen, Perkinsus marinus, appear to be 
controlled by low salinity and thus 
permit survival of subtidal seed oys- 
ters in the Wando under current con- 
ditions (Burrell and Carson 1979). 
New shellfish habitat may occur from 
Ssalinity-and sediment-related chang- 
es; however, based on present know- 
ledge, this seems a very remote pos- 
sibility. 


Penaeid shrimp support the 
State's most valuable fishery. Nur- 
sery grounds for the two most impor- 
tant shrimp species, the’ white 
(Penaeus setiferus) and the brown 
(P. aztecus), are present in _ both 
the Santee and Cooper systems. 
Juvenile white shrimp appear to 
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prefer low salinity (10 ppt), while 
young browns are found in greater 


numbers in higher salinities (10-20 
ppt) (Gunter et al.1964). Shealy 
and Bishop (1979) found white 
Shrimp to be more abundant in the 
Cooper River than in other South 
Carolina estuaries studied, and re- 


ported that young white shrimp were 


associated with Brazilian’ elodea 
(Egeria densa), a submergent plant 
which can tolerate salinities only 
up to 10 ppt. How this nursery 
ground will be affected by higher 
salinities is not known. It could 


be displaced upstream and be_ sup- 
planted by a brown shrimp nursery 
downstream. This would be the ideal 
Situation, but what actually occurs 
will be known only after rediversion. 
Juvenile brown shrimp are more abun- 
dant in the Santee system and par- 
ticularly in the south branch (1: .+s 
Bluff Laboratories 1964). With low- 
ered salinity, the best situation 
would be replacement upstream by 
more productive white shrimp nur- 
sery grounds and displacement down- 
stream of the brown shrimp nursery. 
The possibility remains, however, 
that salinities may be so low as to 
preclude any large-scale use of the 
Santee system by either shrimp spe- 
cies. 


Migration of anadromous’ fish 
species would be expected to in- 
crease it the Santee River concurrent 
with greater freshwater flow.  Re- 
cruitment of sufficient spawning 
stock for striped bass hatchery ac- 


tivities, however, will depend on 
spawning runs being established in 
this river. Provisions have been 


made to build a hatchery at the San- 
tee dam to take advantage of such a 
run, and contingency plans have been 
made to ensure maintenance of the 
Cooper River run should it be neces- 
sary (U.S. Army Corps of Engineers 
1975). A fish lift will be installed 


at the Santee power plant to assure 


passage of forage species into the 
lakes. There is some concern that 
the considerable expanse of fresh 


water below the lift might divert mi- 
grating fish prior to their reaching 
this device. Contingency plans call 
for moving forage fish into the lakes 
via the locks at Pinopolis, if neces- 
sary. American shad (Alosa sapidis- 
sima), Atlantic sturgeon (Acipenser 
oxyrhynchus), and shortnose sturgeon 
migrations should be strengthened in 
the Santee and will probably cease 
altogether if any are present in the 
Cooper. 


American eel stocks in the San- 
tee would be expected to increase and 
those in the Cooper system to de- 
crease. Eels appear to be strongly 
influenced to move from main channels 
to other bodies of water by fresh- 
water flow. This stimulus occurs at 
present from the many connections of 
old rice fields adjacent to the Coop- 
er. 


Finfish nursery grounds in the 
Cooper system probably will be com- 
pressed at the upper end of this es- 
tuary and to some degree offset by 
additional areas in the Santee. Adult 
coastal marine fishes will increase 
in the Cooper River system while low 
salinity-freshwater species will oc- 
cupy a greater portion of the Santee. 
Whether or not this will offset a 
concomitant decrease in other species 
in each estuary will be known only 
after rediversion. 


Blue crab abundance may in- 
crease to some degree in the Cooper 
estuary because larger areas of suit- 
able salinities (0 to 10 ppt) will 


be available (Van Engel 1958; Tan 
and Van Engel 1966). Stocks in the 
Santee estuary will probably de- 


crease. 
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PROJECTED IMPACTS ON WILDLIFE 


Impacts on wildlife and wild- 
life habitats are anticipated in 
both drainage basins. Aquatic habi- 
tats will be greatly increased in the 
Santee portion of the project area, 
but there will be a net loss of salt 
and brackish marsh habitats. Ap- 
proximately 9,000 acres (3,636 ha) 
of bottomlands will be inundated 
either permanently or for extended 
periods (U.S. Army Corps of Engineers 
1975). The numerous waterfowl im- 
poundments in the lower Santee basin 
will succeed from brackish to fresh 
water over time, which will cause 
shifts in waterfowl species usage. 
Large numbers of trees are expected 
to die because of their intolerance 
to permanent or extended inundation. 
Terrestrial wildlife species will 
lose habitat, but other species wiil 
likely benefit from the project. Wood 
ducks, for instance, will realize 
substantial benefits from the in- 
creased acreage of flooded bottomland 
hardwood forest habitat. 


Impacts on wildlife in the Coop- 
er River drainage basin will not ne- 
cessarily be the reverse of those 
found in the Santee, as might be ex- 
pected. Acreages of aquatic habitat 
will not be greatly reduced as a re- 
sult of rediversion, although the 
character of these habitats will 
shift considerably as a result of 
changes in salinity patterns. Large- 
scale saltwater intrusion will result 
in major aquatic vegetation changes 
through natural succession as fresh- 
water plants are replaced by salt and 
brackish species. Managed impound- 
ments will likely become more brack- 
ish over time, while some unmanaged 
impoundments may dry up as water lev- 
els in the Cooper River basin decline 
slightly. Some reduction in waterfowl] 
habitat will occur as current over- 
flow areas will be almost eliminated 


flow reductions. The 
quality of aquatic habitats in the 
Cooper River basin will be reduced 
somewhat as project-caused flow re- 
ductions diminish water quality by 
increasing the retention time of pol- 
lutants in the system. 


by freshwater 


Impacts on endangered and 
threatened wildlife species are not 
easily projected. The long-term im- 
pacts on most of these species oc- 


curring in the project area are like- 
ly to be negligible. One species, 
however, the American alligator, will 
likely realize a net increase in its 
preferred habitat in the Santee basin 
as a result of the project, which 
will probably result in a slight pop- 
ulation expansion in that area. 


CONCLUSIONS AND RECOMMENDATIONS 


Projecting biological impacts of 
an activity with the magnitude of the 
Santee-Cooper Rediversion Project is 
an awesome task. It is indeed a 
tenuous exercise to relate predicted 
changes to one factor--salinity. It 
may be much too naive to suggest that 
fairly even trade-offs between the 
two estuaries will occur. We have 
attempted to highlight project-relat- 
ed areas of greatest concern to 
those with interest in or responsi- 
bilities for the welfare of living 
resources found in the area. We feel 
that additional research prior to re- 
diversion should be directed at un- 
derstanding more of the attributes 


necessary for continued successful 
production of important fishery 
Species, and that an indepth look 
at the influence of impoundments in 
the area on high-interest fish and 
wildlife species should be under- 
taken. 


/ 
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METHODS OF COMPUTATION AND ECOLOGICAL REGULATION OF THE 


SALINITY REGIME IN ESTUARIES AND SHALLOW SEAS IN CONNECTION WITH WATER 


REGULATION FOR HUMAN REQUIREMENTS 


Michael Rozengurt and Irwin Haydock, 


P.O. Box 5634, Huntington Beach, California 


ABSTRACT 


The Western part of the Black 
Sea, the Azov Sea, the Aral Sea, and 
the northern part of the Caspian Sea 
and some of their rivers, deltas and 
bays (the Danube, Dniester and Dnie- 
per, the Don and Kuban, the Amu- 
Darya, and Syr Darya and the Volga, 
Tereck , and Kura, respectively) are 
rather typical! as to the hydrographi- 
cal and ecolo,.-al conditions. These 
areas are representative of compli- 
cated worldwide systems where there 
is a conf/uence and interaction of 
fresh and salt waters affecting the 
river-delta bay-(estuary)-and coastal 
zone areas of the sea. Historically 
any type of river delta is the heart 
of a rich, productive ecosystem that 


has been forming for thousands of 
years. A delta receives nutrients 
from upstream and more importantly, 


produces, circulates, and processes 
an additional (about 70. percent) 
nutrient increment within its fresh- 
brackish water body and this subse- 
quently largely influences the rich 
productivity of the marine estuarine 
bay area and even the outer coastal 
zone furthest downstream. More re- 
cently man has been a factor in al- 
tering the nature of such systems by 
regulation and withdrawal of river- 


delta water supplies for municipal, 
industrial, and agricuitural' use. 
Detailed studies and data gathered 


PS 


~~ 
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over the past few decades provide 
substantial cause for alarm for the 
life of the delta bay coastal zone 
systems under the practice of con- 
tinued water developments without a 
better understanding of their real 
nature. 


Four universal characteristic 
zones of the river to sea transition 
may be observed in deltas and bays: 
(1) the upper part containing chiefly 
river water; (2) the intermediate 
part presenting the main cone of the 
mouth; (3) the lower part where the 
influence of sea water is noticeable; 
and (4) the preguif and gulf where 
the water exchange between the delta 
and the bay takes place. A_ hydro- 
front is formed in the bay at the 
outlet from the delta where the 
fresh, brackish, and sea waters meet. 
The halocline and thermocline are 
clearly manifested here. In the 
course of salinity intrusion caused 
by decreased outflow the width of 
these zones will decrease on account 
of widening of the sea water zone. In 
Russia the results of the studies 
have shown over the last twenty years 
that the water withdrawals for agri- 
cultural, municipal and _ industrial 
needs increased from 20 to 50 percent 


of the natural average runoff. Be- 
cause of this decreased outflow 
serious successive degradations of 
fish and wildlife resources have been 
recorded for the last 4 to 10 years 


under the influence of increasing 
Salinity intrusion (up to 100 miles 
from the sea) which eventually af- 
fected municipal and agricultural 
water supplies and, in some cases, 
even destroyed the diverted water 
supply itself, Besides this, the 
effects of the pollution loads have 
been increased, progressively forming 
Stagnant waters in deltas, bays, and 
coastal zones. The salinity of water 


in some deltas increased from 0.1 ppt 
to 1.2 ppt to Cl', the volume of 
nutrients discharged into bays 


decreased about 20 to 55 percent, the 


catch of tish became about 8 to 10 
times less than before water diver- 
sions. In some coastal zone areas 
the losses of sustaining biota lead 
to irreversible effects on the bio- 
logical structure of plankton and 


benthos communities, including algae, 
crayfish, mussels, and fish such as 
Black Sea mackerel, sturgeon, pike, 


perch, mullet, stripped bass, etc. 


This experience is directly 
pertinent to the problems faced today 
by, for example, the San Francisco 
Bay-Delta ecosystem, where the net 
flow has decreased by comparison with 
historical data records about two- 
fold. Consequently, in the present 
San Francisco Bay-Delta area there is 
now 6 to 10 times increase in salin- 
ity in the delta, 2 to 4 times, and 2 
to 3 times in Suisun and San Pablo 
Bay, respectively, during some 
seasons and years. 


river runoff 1s 
decreased to a of 75 percent of 
the long-term average, the salinity 
in Suisun Bay will especially 
in summer, almost the value of 
linity of the San Pablo Bay in 5 to 
10 years, which will the death 
of fresh-and slightly saltwater flora 
and fauna, will ultimately 
troy all irrigation and 
systems fed by the delta. 


of 
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If the volume 
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Two projects are being developed 
in Russia for the prevention of sal- 
initication of some deltas as well as 
of the Azov Sea: (1) the construction 
of a fixed sea water check dam com- 
pletely preventing the entrance of 
sea water into the delta and changing 


the delta into the freshwater lake; 
and (2) a dam with a built-in re- 
Straining canal ensuring constant 
connection with the sea but limiting 
the entrance of sea water to an 
amount which not only preserves the 
acceptable salinity conditions but 
also facilitates the future freshen- 
ing of bays. Both projects are of 
considerable interest. The  con- 
struction of a fixed water check dam 
is preferable from the point of 
freshwater supply, while the con- 
struction of a dam with a restraint 


canal assures a better preservation 
of natural conditions in the bays and 
adjacent maritime area, creating 
conditions for free navigation with- 
out sluices. 


The proposed method of water 
exchange regulation does not disturb 


the ways of fish migration and the 
movement of river sediment = and 
nutrient load, which have been form- 
ing for ages, and it preserves the 
transportation connection between 
basins. This method is of special 


Significance for regions, where it is 
difficult to single out the non- 
periodic component of water exchange 


in tidal bays and estuaries as, for 
example, the delta of the Murrey 
River, the Chesapeake Bay, the 
lagoons near Venice and the bays of 
San Pablo or Suisuin in the San Fran- 
cisco Bay Area. Computation of the 
exact requirements for maintaining 
each system in a near-natural state 
requires detailed monitoring of 


intrusion under a variety of 
outf low-hydrographi-¢ jitions along 
with considerations of often 
neglected topographic, oceanographic, 
and meteorologic factors. 


salinity 
co! 
special 


INTRODUCTION 


The discussion in this article 
is based upon the results of research 


carried oul over many years in the 
Black and the Azov Seas and their 
tributaries. In addition, a brief 


assessment is made of recent develop- 
ments in the Nile River and the San 
Francisco Bay-Delta as parallel ex- 
amples of the universal application 
of the ecological eftfects of man's 
water development schemes (Table 1). 


Besides, during the years 1957- 
1976, the first author has_ been 
dwelling on the general problem of 
optimizing water exchange between 
Shallow basins such as the Danube- 
Dniester coastal zone lagoons’ and 
the Dnieper and Dniester estuaries of 
the northwestern part of the Black 
Sea (Figure 1). An introduction to 
some results of these investigations 
and some procedures for calculation 
of water and salt balance, as well as 
methods for regulation of their re- 
gimes, will undoubtedly be of great 
interest far beyond the outcome for 
the water basins of southern Russia. 


The necessity of developing new 
territories and the reconstruction of 
the environmental conditions of old 
ones is connected with extensive 
development of the productive forces 
of society, which is inevitably ac- 
companied by an increase of water 
consumption and a considerable terri- 
torial redistribution of water re- 
sources (Almazov 1962, Bronfmar. 1975, 
Dolgopolov et al. 1973, Kelly et al. 
1977, Meleshkin et al. 1976, Vendrov 
1970). 


ail 
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From this point view, 
termediate links of 
of river-liman(bay)-sea and river-sea 
types react most keenly 
tative and qualitative changes of wa- 


upon quanti- 
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ter balance caused by intensifying 
agricultural, industrial, and munici- 
pal water consumption (Osmer 1973, 
Rodzianko and Cherkashin 1976). 


DATA ANALYSIS 


The solution of the above prob- 
lem is based on the knowledge of the 
the principal correlation between 
components of the water and salinity 
balance of shallow marine basins and 
the influence of particular water 
consumers upon the environment as a 
whole (Rozengurt 1958, 1964, 1967, 
1969, 1972, 1974; Rozengurt and Sit- 
neko 1973; Rozengurt et al. 1976). 


The western part of the Black Sea 
the Azov Sea, and some of their riv- 
ers, deltas, and bays (the Dniester 
and Dnieper, the Don and Kuban, res- 
pectively) are typical as to hydro- 
graphical and ecological conditions 
(Bolshakov et al. 1964). It is a well 
known fact that the resulting hydro- 
logical and hydrobiological regime of 


investigated systems depends _ pri- 
marily upon the volume of fresh, 
brackish, and sea waters annually 
taking part in water and salt ex- 


change between different reaches of 
these systems (Vinogradov et al. 
1966). Thus, if decisions are made 
to utilize some additional part of 
the annual freshwater runoff, one 
might expect an increasing volume of 
sea and brackish water taking part in 
salt exchange (Figure 2). As a con- 
sequence, the increase in salinity 
from the nearest coastal zone will be 
measurable throughout the delta 
some of its parts (Table 1). 
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TABLE | 


SOME MORPHOMETRIC AND HYDROLOGICAL FEATURES OF SEVERAL ECOSYSTEMS 


OF THE TYPE: 


RIVER (DELTA)--LIMAN (BAY)--SHELF ZONE OF THE SEA 


Historical Total Water Salinity (q/1) Salinity Average 
Area Volume Runoff Withdrawals Historical Present 
Basin Ki Km Kn? (%) _Range Range Historical Present 
The Black Sea 423°10° §37°10° 350 40-44 : ° . . 
North-western part 68.9-10' 1,91°10° 264 33-37 13-18 (surface) 14-19 
15-18.3 (bottom) 16-20.5 16.5 18.5 
Under influence of 
Dnieper River 10*10° 192 54 40 1.0512.0 1. -15.0 14 17.0 
~17.0 10-19.0 
Onieper drainage basin 503:10’ - - - 
Dnieper Liman 800 3 54 40 0.1-9.7 0.2-13.7 3.0 6.5 
0.5-13.0 T.6-18.0 
Dnieper River delta 350 ? 54 35-45 0.1-0.8 1.0-10.0 0.3 1.0 
Oniester drainage basin 72-10? - - - 
Dniester Liman 408 0.7 40 0.2-4.5 1,5-12.0 1.4 3.5 
Dniester River delta 120 ? 10 35-45 0.2-0.5 0.3-1.0 0.3 0.9 
Danube drainage basin 817-10° - - - 
Danube River delta | 5.640-10' 2.23 198 15-20 0.1-0.5 0.1-1.0 0.3 0.5 
The Azov Sea 38:10? 324 43 50 8.5-11.5 12-16.0 10.5 15.0 
Don drainage basin 420-10’ - : - 
Don River delta 540 ? 29.4 25 0.05-3.0 0.1-6.0 0.3 .0? 
Kuban River delta 4.3°10° ? 13.6 19 0,.05-3.0 0.5-14.2 0.3 0? 
The Mediterranean Sea! 2501.5-10? 3842-10? 430 ? 33.8-39.3 33.8-39.3 38 38 
Nile drainage basin 2870-10° : 202 64 - ° ; . 
Nile River delta 4000? ? 85 80(1965) 0.01-5.0 0.1-28.0 ? ? 
The San Francisco 
Bay Area’ 1.14-10? 8. 34 . . . : 
Sacramento-San Joaquin 
River delta 159 1.57 38 50 0.01-1.8 0.5-3.0 ? ? 
Suisun Bay 150 0.50 38 50 0.01-2.0 1-14 ? ? 
Carquinez Strait 14 0.23 38 50 0.1-2.5 1-20 ? ? 
San Pablo Bay 296 1.05 38 50 ? lu. 30 ? ? 
North San Francisco Bay 230 3.39 38 50 ? 15-33 ? ? 
South San Francisco Bay 29) 1.60 ? ? ? 10-32 ? ? 


‘Hydrology of the Mediterranean Sea, 1976, “Hydrometeoizdat,"ed., Leningrad. 
"Kelly, D.W., Description of the Sacramento-San Joaquin Estuary, 1966 Fish Bull. 133, p. 10. 
Conomos, T.J., Properties and Circulation of San Francisco Bay System, San Francisco Bay, The Urbanized Estuary, 1979, pp 77-89; 


Physical and Chemical Properties of San Francisco Bay Waters, Open File Report 79-511, 1969-1976, 


U.S. Geological Survey, 


Variation and Control of Salinity in Sacramento-San Joaquin Delta and Upper San Francisco Bay, 1931, Uept. Water Resources, Bull. #27, 
Economic Aspects of Salt Water Barrier, 1931, Dept. Water Resources, the State of California, Bull. #28. 
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Table 2. Hydrochemical characteristics for the Dnieper and Dniester Rivers 
under natural and regulated conditions (by Almazov 1962) 


ee ee were ee as ee ~~ He ee ee - oe en Ce eens 6 eee oe ee ee 0 nee eee ree mre en ea ee ne oe ee res += ee ee a 


Historical Average Predicted Losses (%) 
After Regulation 
Parameter Dnieper; Dniester Dnieper; Dniester 
Flow (Km?) 52 10 32 35 
lonic Gonstituents 
(10° Tons) 
Ca” 2,341 622 27 42 
Me 503 161 22 47 
Na’ + K" 481 239 54 49 
cL” 681 343 39 13 
$0, 1,208 549 32 37 
HCO; 8,179 1,882 28 45 
13,401 3,842 33 39 
Nutrient Constutuents 
(10° Tons) 
(Si) 145.4 42.7 32 30 
(NO, ,NO,,, NH) 24.0 6.2 (+29) (+25) 
(PO, ) 1.7 0.4 19 13 
(Fe ) 7.3 0.4 42 39 
178.4 49.7 18 15 
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Figure 1 


BLACK SEA 


= 


Figure 1. The location of the major limans (bays), liman-lagoons and estuaries of the northwestern 
part of the Black Sea. (A liman is a small harbor situated in a bay or estuary at the mouth of a 
river.) (a) the average distribution of hydrofronts in 1956-1966 and (b) 1968-1976 (the last period 
is during a time of extensive outflow regulation of rivers). I-II-IJII-IV traces of canals from the 
Danube River till the Dnieper limans. 


Caption for Figure 2. 


Dependences: A(a) and B(a) - the component (N) of fresh balance of the 
Dniester and the Dnieper Limans, respectively from rivers outflow (Q KM? / 


year). 


A(b) and B(b) - The liman "buffer" outflow (Wi), forming into Site 4, and the 


sea inflows (Wo), forming in front of the strait from N KM?/year. 


acc?) and B(C) - the salinity (S o/oo "4 of the liman flows participating in 


the salt exchange from N, W and W. for the Dniester and Dnieper limans where 


1’ 2 

W = W + K, N: W, + = wr? - K,, (YN); N=p+t+Q-eE, Ky» K, - probably of liman 
and sea currents in the strait. W - volume of water exchange only under 
wind's activity. 

WS +W. S Where W_- river outflow; S_~ - salinity 

2 2 r rx r r 7 

S, Seen e ene ---- of river water, >Sj.- salinity (Cl ) 

W, +N of lima 


A. S, (1945-1968) s," (1980) - 2 times under 50% river outflow left 


for Dniester. S. (1980) Sy (1945-1980) - 3 times (2.7 o0/oo Cl). 


B. The same for the Dnieper liman, i.e. S) 1980 Sy about 2 times 
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so on. From this point, four charac- 
teristic zones of the river-to-sea 
transition may be observed in deltas 
and bays (Figure 3): (1) the upper 
part containing chiefly river water; 
(2) the intermediate part present- 
ing the main cone of the mouth; (3) 
the lower part where the influence 
of sea water is noticeable; and (4) 
the pre-gulf and gulf where the water 
exchange between the delta and the 
bay takes place. A hydrofront is 
formed in the bay at the outlet from 
the delta where the fresh, brackish, 
and sea waters meet. The halociine 
and thermocline are clearly manifest- 
ed here. In the course of salinity 
intrusion caused by decreased out- 
flow, the width of these zones will 
decrease on account of the widening 
of the sea water zone. 


The lack of data to understand 
these systems and to make strictly 
scientific predictions from the very 
beginning for decisions on water re- 
sources development, dredging deeper 
channels, and so on, seems to lead to 
conflicts between the demands of wa- 
ter users and that of the environment 
all over the world at the present 
time. 

Briefly, this conflict results 
from misunderstanding which’ might 
have the following sources. Histo- 
rically, any type of river-delta 
is the heart of a rich, productive 
ecosystem that has been forming for 
thousands of years. A delta receives 
ionic and nutrient constituents (Tab- 
le 2) from upstream and, more impor- 


tantly, produces, circulates, and 
processes an additional (about 70 
percent) nutrient increment within 


its fresh-brackish water body. This 
subsequently largely influences the 
rich productivity of the marine- 
estuarine bay area and even the outer 
coastal zone furthest downstream 


(Laevastu and Hela 1970, Odum 1971). 
More recently, man has been a factor 


in altering the nature of such sys- 
tems by regulation and withdrawal ot 
river-delta water supplies for water 
users. 


From the above point, the main 
mistake among water developers all 
over the world is the opinion that 
fresh water emptying into the bays or 
shallow coastal zones is an absurd 
waste and needs to be fixed. Although 
any essential change in the course of 
this vital bloodstream (such as arti- 
ficial channels, dams, or ditches) or 
in the quality of its fluids (salt 
intrusion, sewage disposal, agricul- 
tural wastes) are leading to change, 
much of which has already been shown 
to be detrimental to social and eco- 
nomical, as well as ecological, sys- 
tems (Vendrov and Diakonov 1976). 


Such specialists prefer exten- 
Sive water withdrawals for agricultu- 
ral, municipal, and industrial needs 
on the basis of the prognosis of in- 
creased water demands for the fore- 
seeable future. In this matter, no 
account is taken of the fact that 
each river has a certain natural 
limit beyond which man's water sup- 
ply activity causes a breach in the 
ecological balance and the geomor- 
phological regime between the river, 
the delta, and the contiguous sea 
areas (Aleem 1972, Rozengurt and Sit- 
neko 1973, Rozengurt et al. 1974, 
Vendrov 1970). 


Needless to say that if the Dnie- 
per and Dniester estuaries, the Azov 
Sea, and the San Francisco Bay had 
not received at least 100, 20, 120, 
and 50 km of fresh water, respec- 
tively, during the last ten years, 
and if one accepts that irreversible 
consumption was equal or not more 
than 15 percent, this means that mil- 
lions of tons of organic materials 
and silt never reached the deltas, 
limans (bay), and adjacent coastal 
waters. 


Figure 
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the Dnieper (A) and the Dniester (B) 


Dniester rivers. 


3. Chronological variations of salinity (o/oo Cl ) of the central part 


limans and outflow of the Dnieper 


During the last two decades, the 
anthropogenic factor of decreasing 
runoff has been considerably aggra- 
vated by the total reduction of pre- 
cipitation and run-off in some river 
basins (for example in Europe in 1972 
and in western North America in 
1977). Thus, the imposition of both 
man and climatological factors began 
to develop negative consequences for 
aquatic life of large areas which are 
directly pertinent to the problem 
faced today in different parts of the 
world (for example, the Nile, Po, 
Volga, and others). 


From this point, the main enemy 
and the first undesirable consequence 
of controlling the runoff of the riv- 
ers is the salinification of the es- 
tuarine areas in the Azov Sea (Fig- 
ure 4) in which brackish water for- 
merly predominated. This process of 
salinification has been progressing 
since the early 1960's after erecting 
a lot of dams for reservoirs in the 
river basins during the preceding 8 
to 12 years. 


On the basis of special statis- 
tical analysis of data gathered dur- 
ing *bout 30 years under unsteady 
salt conditions, computation of sa- 
linification and the time for its es- 
tablishment for four basins has been 
performed by the following equation 
(Some details for calculation of each 


parameter in Equation 1 are avail- 
able from Rozengurt 1969, 1974, Ro- 
zengurt and Tolmazin 1971, 1975): 
s = 1+ ce Pt (1) 
P 
] 
' - S 4 P 
where gq . (WS W,5,) (2) 
=! n (3) 
Poy ; 
where S is the average salinity of 
the liman or the Azov Sea; So» W., 
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is the average salinity and volume 
of water entering the liman or the 
Azov Sea from the Black Sea through 
the straits; S_ , W is the average 
salinity and Volume* of river runoff 
into the liman or sea for different 
probabilities; V is the volume of 
water in the liman (or the Azov 
Sea); and C is the constant value 
defined from the condition S Ss. 


a 
a 


Calculated salinity for limans 
(Table 3, Figure 5), a limited area 
of the Black Sea (Table 4) and for 
the Azov Sea (Table 5) for probabil- 


ity of outflow 95 percent are re- 
flective of the present conditions 
of salt content under withdrawals 


more than 25 percent from the aver- 
age flow. For example, in the Dni- 
ester and the Dnieper liman salinity 
increased about 2 and 3 fold; in the 


north part of the Black Sea, about 
1.2 fold; and for the Azov Sea, 1.6 
fold. 


If the fresh component (N, Fig- 
ure 2A) of water balance becomes ne- 


gative (i.e., evaporation will be 
more than the sum of runoff and pre- 
cipitation) the limans will turn 


into salty sea bays. The same result 
might be observed for the Azov sea 
if evaporation exceeds the volume of 


runoff and precipitation in_ this 
basin, and the northern part of the 
Black Sea will reach the present 
salinity of its western part. 

In addition, the initial salt- 
water invasion at the bottom through 


ship channels came to be persistent. 
At the bottom of about 8 to 10 met- 
ers, salinity was 1.4 ppt about 100 
to 120 km upstream from the sea in 
the Dnieper (Figure 6, in our case 45 
to 60 km upstream from delta) and a- 


bout 2 ppt a distance of 30 km into 
the Dniester Bay area (channel depth 
of about 6 m). That, in turn, led 
to stagnant conditions in some parts 
of the deltas and upstream for sev- 
eral kilometers as well as in the 


Table 3. Probability forecasts of time required to establish different sa- 
linity regimes by water regulation in the Dniester and Dnieper Limans (bays) 
(by Rozengurt 1974). 


The Characteristics of Runoff Calculated Characteristics 


Km>2 


/year Cl °/00 years 


DNIESTER LIMAN 


Probability, h 
50 8,43 1,9 --- 
75 6,87 1,4 0,4 
90 5,65 1,7 0,5 
95 5,04 2,2 0,6 
Regulated Flow (from 75%) 4,26 2,6 0,7 
Sanitary Flow 1,58 5,6 1,4 
Maximum Regulated Flow 0,63 7,8 1,9 
Full Withdrawals 0 10,3 2,4 
DNIEPER LIMAN 
Probability, to 
50 55,1 1,6 
75 44,9 2,6 0,4 
Regulated Flow (from 75%) 11,9 5,2 0,7 
10,0 5,6 0,8 
Maximum Withdrawals 5 7,2 1,0 
3 8,1 1,8 
Full Withdrawals 0 9.8 1,9 
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Figure 4 
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Figure 4. Spatial distribution of Azov Sea salinity. (A) Historical, i‘ 3!- 
1951. (B) Following extensive upstream water regulation, 1976, (after bionf- 


man 1976). 
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Figure 5 
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Figure 5. Dependence of the salinity of Dniester Bay on Dniester River runoff 
and time of its appearance: (a) under restraining channel (2) and without 
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Figure 6 
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Figure 6. Dependences of the length of halocline along the principal channel 
of the Dnieper River on flow regulation. The initial salinity in the eastern 
part of the ship channel (a) 10% and (b) 15%; under these conditions salinity 
of the river's halocline is 1 o/oo and 2 o/oo, respectively. (Rozengurt 
1974). 
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channels of the limans. The 
first biological indication of salt 
invasion into the Dniester liman was 
an initial reduction in distribution 
and catch of crayfish, a natural in- 
dicator ot salinification (Meleshkin 
et al. 1973). A similar finding was 
made (1974-75) in the eastern part of 
the Dnieper liman. The progressive 
reduction of outflow from the Dnieper 
and Dniester decreased the size of 
hydrofonts almost three times (Fig- 
ure 1), changing the face of these 


areas beyond recognition. 


ship 


Millions of tons of nutrients and 
other organic and inorganic materials 
from deltas and bays stimulates bio- 
mass production (Table 2 and 6) and, 
in connection with climatological and 
hydrological factors, provides’ an 
abundance of food for pelagic and de- 
mersal fishes and benthic biota (mus- 
sels, oysters, and algae). But in the 
Shallow zone of the Black Sea and 
Azov Sea basins, the structure of 
planktonic and benthic communities 
was changed under artificial flow 
management and biomass was reduced 19 
to 30 percent and 30 to 60 percent 
respectively; organic material was 
reduced 25 to 45 percent (for the 
Kuban River to the Asov Sea almost 80 
percent). In 1975 to 1976 the Dnie- 
ster and Dnieper limans nutrients 
such as nitrates, phosphates, sili- 
cates, and organic detritus have de- 
creased about 30 to 55 percent and 
about 90 percent of the silt load is 
left upstream in reservoirs. 

Almost equivalent results oc- 
curred in the Azov Basin, where dur- 
ing 1927 to 1951 the natural outflow 
of nitrogen and phosphates into the 
sea was equal to 134,000 and 25,900 
tons, respectively (almost 70 percent 


of which entered during the spring 
floods). [In this same period the 
catch of precious’ fishes’ (pike, 
perch, and sturgeon) varied between 
50 to 170 thousand tons annually 

With water development these vital 


to this system 
percent and the 
breeding, and 


were lost 
35 to 75 
areas tor spawning, 
fattening of precious fish have de- 
creased about 50 to 80 percent, and 
the catch is now 10 times less (Osmer 
1973, Dubinina 1974). 


nutrients 
to about 


Reducing river flow resulted in 
increasing transparency along with 
decreasing turbidity and suspended 
sediments, and even some changes in 
thermal conditions. This, in turn, 
resulted in severe eucrophication in 
lagoons and in the seas and led to 


deficits of dissolved oxygen (Bronf- 
man 1975, Zaitsev 1976). In addition 
to reduced flows the problem of sew- 
age discharge and agricultural run- 
off impact on biota increased. Algae 
blooms and dieoff led to oxygen de- 
pletion, down to 0.2 ml/1l oxygen in 
the bottom waters, first observed in 
the 1970's and extending by,1976 over 
an area of about 10,000 km’ just op- 
posite the region under the influence 
of the Dnieper and Dniester Bay areas 


(Zaitsev 1976). This eventually led 
to destruction of demersal fishes, 
millions of tons of mollusks and red 


algae in the northwestern part of the 


Black Sea. Previously, not less than 
3 to 5 ml/l of oxygen was found in 
this area. This results from the fact 
that the water necessary for dilution 
of sewage had been decreased very 
much, about 30 percent. On the aver- 
age, some 50 times as much water as 
sewage is necessary for raw sewage 


dilution, while only 6 to 8 times as 
much is necessary if good primary or 
secondary treatment is provided prior 
to discharge. 


The presence of reservoirs and 
their dams have hindered the use of 
large river reaches formerly used for 


spawning and fattening, and the mi- 
gration of egg-laying fish was dis- 
rupted. Besides, the changes of 


runoff abruptly changed the 
of and duration 
in For 


seasonal 
occurrence 
the 


frequency 


of 


flood plains. 


tloods 


y 
Table 4. The salinity regime of a limited area (10,00Km~) of the North-West- 
ern part of the Black Sea affected by the Dnieper River flow (from Rozengurt 
1974), 


Annual Flow (km?) of Dnieper River: 45 30 10 5 
S(-/oo Cl ) 6.5 7.4 8.4 9.4 


Time to Establish Salinity Regime 
(Months ) 2.4 3.6 4.8 6.0 


Table 5. A probability analysis of the time to establish a new salinity 
( 
(S'/oo) balance of the Azov Sea (from Rozengurt and Altman 1974). 


Pp W, (Km) N(Km”) W, (Km”/yr) w. (Km>/yr) s(°/o0) t(yrs) 


75 31 10,62 44,90 34,52 13,5 6,5 
90 26 5,52 41,59 35,91 15,8 15,0 
95 24 3,48 40 , 26 35,56 17,0 20,0 


Note: River Flow (Km?) : 


NR 3 
N = Computed Fresh Balance (Km ) 
W = Azov Sea Out flow (Km /yr); 

S = Salinity ( /oo) and 

t = Time (yrs) 


Table 6. Variations of tish 


Runoff 


Time Period 3 %, 
of Runoff Km Decrease 


Don River 


Natural 29.4 — 
enmana 22.4 24 
1952-1955 19.7 34 
1956-1968 24.2 18 
Year —_ 

(Projected) 16.4 44 


*Total benthic biomass. 


*“*Preferred fish food benthos. 


10.0 


13.2 


food resources of the Azov Sea under conditions of 
runoft (after Aldakimova 1972). 


Biomass 


Phytoplankton Zooplankton 


| % , % 

gm/m decrease gm/m decrease 
4.6 --- 0.56 --- 
2.6 46 0.39 31 
3.8 17 0.26 54 
2.2 50 0.43 23 
1.4 69 0.24 5/7 


AY 


natural and regulated 


Benthos 


0 


gin/m decrease 
321*/220%% — 
262/197 20 
210/120 35 
273/217 15 
249 29 


example, the frequency of floods in 
the Don Delta dropped from 84 per- 
cent to 18 percent, the size of the 


flooded area decreased from 95,000 to 
30,000 ha, and the duration of flood- 
ing dropped from 49 to 12 days (Du- 
binina et al. 1974). 


,the reduction of runoff of about 
| km” during the spring spawning time 
for anadromous fish in the Azov Sea 
is decreasing the fish catch about 
2,000 to 3,000 tons per generation 
while, at the same time, the increase 
in salinity of the sea of about 1 ppt 
from the average value is curtailing 
the catch about 25,000 to 30,000 tons 
per generation (Bronfman 1973). 


As one consequence, some of the 
precious fishes such as sturgeons al- 


most disappeared in the Dniester and 
Dneiper limans and their capture de- 
creased about 10 to 15 times in the 


Black Sea basin. 


In 1976, the fish-breeding 
plants of the Azov Basin released 
over 5.5 billion fry in the Azov 
Sea (about 50 percent of the total 
commercial fish husbandry of the 
USSR, Bronfman 1975) in order to 
reverse the decline of precious 
fish like sturgeon, pike, and perch. 
However, the increased concentration 
of young and adults in the remain- 
ing limited fattening areas (which 
had decreased about 80 percent) led 
to very sharp food competition and 
a deterioration of habitat space 
which caused the death of many of 
the fish. 


Additional losses of up to hund- 
reds of thousands of tons of agar 
and mollusks occurred in the 
Shallow western part of the Black Sea 
in 1974-1976 due to oxygen depletion. 
Reduction in the primary biological! 
productivity caused the disappearance 
of mackerel, pelamida, blue 


weed 


and fish. 


Although the natural 
to about 100,000 to 200,000 tons, the 
fishing industry can now survive only 


stock was equal 


on a small species of horse mackerel 
and the local sprat (Table 7). Some 
scientists have claimed that such 
increases in sewage, and subsequent 
oxygen depletion in combination with 
increasing salinities, will lead to 


the remain- 
near future. 


effects 
the 


irreversible 
ing fisheries in 


On 


In the Azov Sea, before the 
1950's, the fish harvest was equal 


to about 70 to 80 kg/ha. This harvest 


was about 6 times greater than the 
Caspian Sea, 8 times more than the 
Baltic Sea, and 25 times more than 


the Black Sea. The present harvest in 
the Azov Sea is reduced 8 to 10 fold. 


Published results of exploration 


in other areas oft the world show 
Similar conclusive evidence of de- 
Structive changes in some deltas 
caused by man's activities, although 
these activities are sometimes con- 
sidered very important for future 
generations. 

‘he Nile flood waters (about 
55 km , mid-August to December) had 
provided for about 125,000 tons of 
fishes caught from the coastal zone 
of the Mediterranean shelf (about 
40 percent) and some brackish water 
lakes of the Nile Delta (about 50 
percent ) (Aleem 1972). In these 
areas, like in the shallow limans 
of the Black Sea and the Azov Sea 
basins, the increase in concentra- 
tion of phosphate, nitrate, sili- 
cate, and in the growth of phyto- 
plankton, coincided with the period 
of discharge of the Nile flood wa- 
ters into the sea. This volume of 
water was almost equal to the spring 
flood of the Dnieper River and 1.5 


and 7 times more than the spring 
flood of the Don and Dniester Rivers, 
respectively. 


The capture of pelagic fish such 
as Sardinella changed between 10,000 
to 20,000 tons; and for demersal 
fish, it was equal to about 29,009 
tons. Such crops were due to a high 
concentration of primary biological 
productivity, detritus, and_= dis- 
solved organic materials just as it 
was in the Black Sea and Azov Sea 
shelf areas. 


When, for very important econom- 
ic reasons, the colossal new Aswan 
Dam was erected on the Nile, the out- 
flow dropped about 50 percent in 
1965. As a consequence, the im- 
pact on marine life was formidable. 
The catch of Mediterranean Sardinella 
was estimated to decrease 96.4 per- 
cent (In the shallow shelf of the 
Black Sea and Azov Sea basins the 
decrease of precious fishes was sim- 
ilarly 92 to 96 percent; in the San 
Francisco Bay region striped bass de- 
creased 35 percent). (California 
Dept. Water Resources Bull. 11-80) 
The biological and biochemical char- 
acteristics of the Nile lakes and 
part of the Mediterranean’ coastal 
zone changed rapidly in the absence 
of the natural flood inputs of nu- 
trients and silts, and there were 
subsequent effects on salinity and 
oxygen. 


DISCUSSION 


There are a number 
preventing or limiting 
damages resulting from extensive wa- 
ter withdrawals and subsequent salt 
invasion into shallow water zones. 


of ways for 
ecological 


there have been recom- 


from 


First - 


mendations several] research 


institutes for enhancing the regime 
of limans and lagoons of the north- 
western part of the Black Sea _ by 
transferring 15 to 23 km (Vino- 
gradov et al. 19/71) of Danube water 
through a system of channels along 


the shore to the Dnieper liman (Fig- 


ure |). The cost of such a plan is 
estimated at 15 to 25 billion rubles 
(or 27 to 48 billion dollars). For 


the Azov Basin, some part of the flow 
of, the Volga River (about 30 to 35 
km ) should be transferred. But no 
one knows when this should occur in 
the foreseeable future (Bronfman 
1975). Besides, knowledge about the 
ecological risk of this sort of water 
acventure is almost nonexistent. 


Second - some industrial and ag- 
ricultural complexes might have their 
water usage restricted on the basis 


of excessive environmental impact. 
It is difficult to imagine that such 
an investigation and _ prioritizing 
could be done within this century, 
leading to some sort of agreement 
between users of these or other bas- 
ins (for example, the San Francisco 


Bay Region and Southern California). 


intrusion 
withdrawal 


limit salt 
water 


Tnird - to 
to excessive 
closing the straits with some 
type of construction such as weirs 
or dams. Such construction often 
impedes the natural movements of the 
of silt and the migration of 
as well the commercial, 
military, and recreational traffic 
of man therefore is less than 
satisfactory as a solution. 


due 
by 


bedload 


fishes as 


and 


Fourth - to limit the water and 
salt exchange between bays and the 
seas within reasonable limits (set 
by nature over millenia) by limiting 
withdrawals to less than 50 percent 
of the natural runoff and by con- 
struction of a restraining channe] 
(Figures and 8). 


Table 7. Catches of precious and rough fishes in the Northwestern part of the Black Sea. (from Zem- 
lianski 1975). 

years 
Catch (Tons) —*«1963 ~——:1964 1965 1966 1967 1968 1969 1970 ~=—-197] 1972 


Precious Fish 


(valuable)  ——s_—. 2,793 ~—=— 2,976 =64,741 =3,146 = 1,752 =1,720 = 933s 1, 160 928 622 
Rough Fish 
(non-valuable)  —s11,382 =12,284 12,188 12,699 9,388 12,707 7,878 12,385 14,047 16,269 


AVS 


Caption for Figure 7. 


a. Dependence W Km> (the sea inflow) from the length of channel under dif- 


ferent elevations (AH) of the system on the Dniester Liman-Sea. 
b. Dependence W Km> (the Liman outflow) and W Km> from the length of 
channel under different elevations of the system on the Dnieper Liman-Sea. 


c. The changes of length gf the Dniester Liman restraining channel for dif- 
ferent volume of flow (Q m/sec). Depth (speed U m/sec) of channel is about 
6 meters. B - the width of channel. 


AH = H 


= -H 0.1 meter (difference of elevation). 1 - channel with natural 
Liman sea 


roughness, 2-4 channels with forced artificial roughness (concrete with height 
= Im., there density of distribution on the bottom is equal 20, 10 and 5m, 
respectively). Under persistent reducing of outflow about 40-50%, the channel 
should have B = 50m, L = 330m or B = 100m, L = 1600m, the density of location 
of concrete 10m, under natural roughness of the length of the channel as much 
as 1.75 times. 
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Figure 8 


RESTRAINING 
CHANNEL 


SAN PABLO 
BAY 


SALINITY RESTRAINING CHANNEL 


Figure 8. Schematic of a proposed restraining channel to control salinity intrusion into the San 
Francisco Bay-Delta. Channel length is about 1.5-4 Km, depth 12.5-13.5 M, and width 200-250 M. 
Weirs of 250 M each close off the rest of the strait at low tide. 
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Figure 9. Location map of the San Francisco Bay - Delta. 
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Caption for Figure 10. 


The Sacramento-San Joaquin Delta. 


A. Fluctuation of sunspots number (Wilson Observatory, So. Cal.), 5-year 
running mean, 1872-1977; 


B. Sacramento-San Joaquin River outflow, 5-year running mean, (1872-1921, 
Sacramento River, Cal. DWR. Bull, 26; 1922-1977, both Kelley and Tippits, 
1977); and 


C. Differential integral normalized curve of modulus of delta outflow, 1872- 
1977 (from a table of variations of K there are two complete cycles of water 
content: 1875-1934 and 1935-1968; the driest period is 1916-1934; the wettest 
is 1889-1916; the last 15 years is a dry period. 
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Figure 10 
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An actual model (about 42 square 
meters in size for the Dniester River 
lJiman, the pre-strait area of the 
sea) was built by the Institute of 
Hydrodynamics of the Academy of Sci- 
ence of the Ukranian SSR, Kiev, in 
1974 on the basis of this idea (Ro- 
zengurt 1969, 1974). 


Computations of water exchange 
in natural conditions and under a 
regulated strait have shown’ the 
sophisticated effect of decreasing 
salt exchange between various waters 
can be achieved by application of 
dams or weirs with navigable canals 
(Rozengurt 1969, 1975; Rozengurt et 
al. 1978). The regulation of water 
and salt exchange is ensured by the 
width and length of the navigable 
canal and some additional construc- 
tion (barages on the bottom, special 
diaphrams, etc.) which can decrease 
the necessary length of canal with- 
out suffering further salt’ intru- 
sion and even under regulated flow 
reduce 50 percent of natural kill. 


The pvoposed method of water ex- 
change reeulation does not disturb 
the ways of fish migration and the 
movement of river load, which have 
been forming for ages, and it pre- 
serves the transportation connections 
between basins. It has been consid- 
ered practical for the Dnieper liman 
and in the Kerch Strait of the Azov 
Sea (See Figure 7). 


Direct experience and the pub- 
lished results of the effects of wa- 
ter development abroad, all point to 
the inescapable conclusion that no 
more than 25 to 30 percent of the 
natural outflow can be diverted with- 
out disastrous ecological conse- 
quences ensuing. The early warning 
Signs of excessive withdrawl are ap- 
parent in the reduced productivity of 
fish and wildlife resources, changed 


biological structure of plankton, 
benthos, and fish communities, in- 
creased salinity intrusion affecting 
municipal and agricultural water 
supplies and the biota, and increased 
eftects of pollution loads in prog- 
ressively more stagnant waters. 


The above experience is directly 
pertinent to similar problems faced 
today in the San Francisco Bay-Delta 
of Central California shown in Figure 
9 (Conomos 1979). The historical, 
average annual Sacramento-San Joaquin 
River delta outflow tributary to the 
bay was 38 km (1871-1929) and is 
presently only 19 km, a 50 percent 
reduction. A similar or even greater 
reduction occurred in the past and 
led to very serious effects even 
prior to major water developments. As 
a consequence of present variations 
of flow, including recent critical 
dry years such 1976-1977, there have 
been measured increases in salinity 
of 6 to 10 fold in the delta, 2 to 4 
fold and 2 to 3 fold in Suisun and 
San Pablo bays, respectively, during 
some seasons and years. If the vol- 
ume of river runoff is decreased to a 
level of 75 percent of the long-term 
average, the salinity in Suisun Bay 
will reach, especially in summer, al- 
most the value of salinity of the San 
Pablo Bay in 2 to 4 years, which will 
cause the death of fresh and slightly 
brackish flora and fauna, and will 
ultimately destroy all irrigation and 
municipal systems fed by the delta. 
This expectation should be kept in 
mind when considering the eventual 
projections of 75 percent water with- 
drawals from the San Francisco Bay- 
Delta in the year 1990 (Kelly and 
Tippets 1977). 


lt is even more important to 
point out that the above predictions 
are based on historical patterns of 
available runoff and that the choice 


of an appropriate "average" time- 
frame is crucial to the success of 
such projections. <A more recent 


analysis of Sacramento River run-off 
extending further back in the time 
(to 1872) and using different methods 


Shows that there is a _ persistent 
trend of decreasing runoff in this 
basin from natural causes (Figure 
10). 

Thus, maintaining the San Fran- 
cisco Bay-Delta system in a near- 


natural state requires detailed study 
under a variety of outflow conditions 
along with special considerations of 
often neglected topographic, ocean- 
graphic, and meteorologic factors. 


In summary, the first priority 
of such work should be to indicate 
what limits there are to freshwater 
withdrawals which will not cause 
irreversible ecological changes 
throughout the region from the delta 
to the coastal zone. The second pri- 
Ority would be to make strictly sci- 
entific explorations regarding salt 
regime from the ocean to the city of 
Hood (near Sacramento) in order to 
assure that freshwater’ irrigation 
systems, even above the delta, are 
not damaged forever by salt intru- 
sion. Third, it is necessary to as- 
sess and determine the total poten- 


tial assimilative capacity of the 
delta, Susuin Bay and San Pablo Bay, 


and the rest of the San Francisco Bay 
area, to discharge of present and fu- 
ture municipal and industrial pol- 
lutants and agricultural drainage wa- 


ters. This is a vital need from the 
standpoint of the self-purification 
of the bay. Bay sediments and the 
three kilometers of the bay water 
body are exposed to a variety of 
point and non-point sources of pol- 
lutants which are transferred by 


runoff. Finally, all the above ac- 
tions are necessary to make a real 
prognosis for future water withdraw- 
als deemed necessary to sustain agri- 
cultural and municipal needs along 
with necessary fishery and recrea- 
tional requirements. Consideration 
should be given now to construction 
of a dam with a built-in restraining 
canal, ensuring constant connection 
with the sea but limiting the en- 
trance of seawater to an amount which 
not only preserves the acceptable sa- 
linity conditions but also facili- 
tates the future freshening of bays, 
creating conditions for free naviga- 
tion and transport without sluices 
and for fish migration without fish 
ladders. 


Basic schemes of water develop- 
ment should consider first the needs 
of nature and be based on a scienti- 
fic, not political, assessment of the 
real volume of water available in ex- 
cess of nature's needs. All con- 
struction should be predicated on its 
ability to assist nature's way, not 
to block it. 
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This is your session and I'm 
going to be as brief as I can, taking 
just a few minutes to emphasize sev- 
eral points. Then we want to spend 
as much time as we can trying to re- 
fine our approach, our thrust, and to 
define more precisely what we are 
trying to do. I'm going to start this 
off, but we can throw out all the re- 
commendations and write new ones if 
you want. My conclusions will be very 
simple, perhaps disappointingly sim- 
ple to many of you, but it's time for 
Simplicity if we are going to get our 
message across. 


Today we will talk about the po- 
tential for the future. We want to 
talk about things that will help all 
of us accomplish the things we desire 
and need. We won't be talking about 
specific recommendations for kinds of 
research or data bases or _ specific 
interagency problems. Those can be 
discussed after we finish with the 
big problems, but first we need to do 
something quite imaginative and quite 
large in scale to try to improve the 
Situation in a national sense. 


The subject is freshwater flow 
into estuaries; the amount, the 
rate, and, to an extent, the quality 
of the flow. We explored the whole 
state of the data base for estuaries 
and broadened our discussions’ to 
include a number of key topics be- 
sides just the amount of water flow- 
ing in. We agreed that estuaries are 
exceedingly productive and valuable 
to coastal communities and to the 


Nation as a whole, but we all per- 


ceived that estuaries are a commons 
and are suffering the neglect so typ- 
ical of common resources. Estuaries, 
too often, are the vacant lot in the 
coastal neighborhood. Even so, most 
of us here have dedicated some of our 
energies to conserving estuarine re- 
sources. 


Many of us are cynical about the 
estuarine conservation task. We seem 
to have a rightful cause, but we seem 
to be losing ground. Somehow, the new 
laws of the late 1960's and 1970's 
CZM, EP, Clean Water Act, Endangered 
Species; all taken together still 
have not provided what we need. We 
simply do not have a mandate to con- 
serve the estuaries of this Nation. 


Many of us thought we had the 
mandate in the 1960's. We expected a 
bill of rights for estuaries before 
the end of that decade, but it slip- 
ped away from us. Then we _ hoped 
something could be patched up from 
the new laws of the 1970's. But it 
has not worked. 


After having said all that, I 
want to assure you that I am among 
the cynics. We do have a good cause 
and we can succeed. We can get a lot 
of help from the conservation groups. 
We can get the attention of Congress. 
We can get the attention of the White 
House, if we do it right. We can get 
the mandate, the standing for estu- 
aries. We won't save every fish or 
every bay, but we can win a lot more 
than we lose. 


We have a good start right here 
and things like this have happened 
before. In 1972, at Woods Hole, about 
90 of us, including some of the peo- 
ple in this room, gathered to decide 
what could be done about the very 
complex and confusing job of conserv- 
ing the coast. That meeting had a 
very pronounced effect on what has 
happened in the last eight years. In 
1976, in Annapolis, we recognized 
that there was a problem with barrier 
islands. Since 1976, barrier islands 
have been recognized as important re- 
sources, leading to executive orders 
which have become legislation. 


There is a bill, now being con- 
sidered in Congress, to protect estu- 
aries. For those of you who do not 
feel as enthusiastic as [| do, who 
doubt that this meeting will accomp- 
lish anything, I've been asked by Tom 
Linton to remind you of something out 
of history that [ think is very per- 
tinent. I[t was in 1858 when Darwin 
read his first paper to the Royal 
Society on the evolution of species. 
In the annual report for 1858, the 
President of the Society wrote”... 
this year has not been marked by any 
of those striking discoveries which 
at once revolutionized, so to speak, 
the department of science on which 
they bore." So, sometimes, the forest 
is not visible or is obliterated by 

We really have made a ma- 
jor accomplishment in pushing the 
state of our knowledge to the limits. 
Now, we are ready to consider what we 
really want to 
just to clarify things, I would like 
to read a bit of doctrine that was 
put down for a particular estuary 
which [ will call Flat Fish Bay, just 
intellectual 


the trees. 


recommend. First, 


so we don't stub our 


toes on a particular issue. Here's 
what it says: "The natural resource 
that 1s 


maintain the 


perhaps most critical to 
integrity of the bay 
ecosystem is fresh water. Both the 


and quality of the fresh 


quantity 


water entering the bay drastically 
affects various characteristics of 
the water such as salinity, oxygen 
levels, nutrient content, and tem- 
perature which in turn influences 
the organisms in the water. Any 
deterioration in the flow of fresh 
water into the bay would result in a 
change in the natural components of 
the bay ecosystem and thereby in a 
change of recreational and commercial 
potential." Then we read: "In many 
ways, Flat Fish Bay is typical of 
coastal bay regions with’ shallow 
bays, estuaries, and marshes. shel- 
tered from the open gulf by barrier 
islands and _ peninsulas. In other 
ways, however, it is unique; the 
particular combination of interacting 
biological, chemical, and physica! 
features make this bay area unlike 
any other. It is this combination of 
typical and unique ecological fea- 
tures that gives Flat Fish Bay its 
distinctive character. Its natural 
resources abundant recrea- 
tional and commercial opportunities.” 


provide 


Now from those passages, note 
first that the author stresses the 
high values of estuaries that we all 
recognize. Second, the author iden- 
tified important individual ecolo- 
gical factors that have to be con- 
trolled within this area. The author 
stresses that we are dealing with an 
ecosystem. This is a system, with 
complex parts and a very complex pro- 
cess And third, the author both 
emphasizes that it is a typical estu- 
ary and at the same time persuades us 
that it is 
igain: "Flat Fish Bay area is typical 


of coastal bay regions. This bay has 


unique. Let me read 


a combination of typical and unique 


ecological features. it is typical 

if estuaries and unlike any other. 
This ambivalence is important 

EKach bay is distinct and yet together 


they form recognizable, highly valued 
resources. We may speak of typical 
estauries at the same time we're say- 
ing each one is unique. 


This point brings us to my cen- 
tral point. I am going to lay out 
five different recommendations which 
logically follow from the discussions 
we have had and from my little build 
up here. 


First, we must deal with estu- 
aries as complex ecosystems. They 
are not just basins of water, iso- 


lated from other parts of nature. 
They are ecosystems, and we have to 
know about structure and processes 
before we can manage the system. 


Second, and most important, we 
need a national mandate for estuaries 
as high value resource. Estuaries are 
a class of resources, something we 
can recognize as having common attri- 
butes and common values wherever they 
appear around the coast. This recog- 


nition is essential before we can 
talk about a national program for 
estuaries. But we do not think we 


can prescribe nationwide or even re- 
gionwide standards for estuaries. 


Third, we believe that each 
estuary has to be treated as a unique 
resource, an ecosystem with its own 
separate management plan. But, this 
has to be more than a vague national 
goal. There has to be a conservation 
objective, stated in clear and simple 
terms, which politicians, fishermen, 
and engineers can visualize. It must 
be an objective that forms the target 


for governing water inflow to 
estuaries. 

Fourth, we propose that’ this 
conservation objective be the main- 


tenance of an optimal salinity regime 
for «ach estuary. We would recognize 
maintenance of an optimal salinity 
regime as the overall guiding object- 
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ive for management. Everybody can 
understand what salinity is, and 
everybody can taste water. Politi- 
Cians can deal with it. Engineers 


can deal with it. Fishermen Live by 


it. It is a distinct central focus 
for management. Oversimplification? 
Sure. But now we are talking about a 


political thrust. It has to be sim- 
ple. Given that, we can fit the 
other pieces and parts, and needs and 
necessities in with it. The estuarine 
salinity regime should be, if I cor- 
rectly interpret what I have heard in 
the last three days, as natural as 
possible. With the salinity regime 
maintained in its natural state, the 
natural structure and processes of 
the ecosystem should be maintained. I 
think we would all relax comfortably 
if we thought that all the estuaries 
in the nation could maintain their 
natural salinity levels and the na- 
tural spatial and temporal variation 
of these levels throughout the con- 
tainment basin. This can be achieved 
in some estuaries, like Apalachicola, 
where we have a lot of control, but 
we are going to have to settle for 
something less in a good many estu- 
aries. 


In this context, we need to talk 
a moment about conserving a function. 
In other words, control of the sa- 
linity regime will conserve the func- 
tions that produce the values we wish 
to protect. To preserve the func- 
tion, we must set limits and decide 
water budgets and water schedules. 
Where we have to compromise, we will 
have to settle for less. Our target 
cannot be the full national solution 


that we would all like to have. We 
have to limit our objective to con- 
servation of the function of the 
estuary. We will then be managing 
process and structure by addressing 
function. Salinity will enable us to 
deal at the ecosystem level, where 


this whole issue belongs. At the min- 


imum, we believe that every water 


project should be required to address 
estuary and freshwater needs as it is 
planned. In other words, we want an 
estuarine impact assessment for every 
major water project in this county. 
We want people to be conscious of the 
problem, to be required to state what 
effect their project will have on 
estuaries. If they can deal with the 
complexity of the whole impact, they 
certainly can talk about what will 
happen to the salinity regime and 
from that we can make a lot inter- 
pretations. 


of 


Last, e@ propose that this con- 
ference go on record concerning the 
preceding four points, properly elab- 
orated and qualified, and that we 
Vigorously pursue these recommenda- 
tions with conservation organiza- 
tions, governmental agencies, the 
Congress, and elsewhere. Those of us 
who are in a position to do so should 
vigorously pursue these recommenda- 
tions. We recommend that we start 
the pressure now and watch for the 
breakthrough opportunity which I feel 
sure will come within the next few 
years. That is our platform and | 
would like to hear what you have to 
say about it after I invite my col- 
leagues of last night to comment 
my remarks. 


On 


Gilbert Radonski, Sports Fish- 

Institute: J think John Clark 
summed up everything quite eloquent- 
ly, especially with respect to sep- 
arating the biological from the poli- 
tical aspects of this problem. During 
the past three days I have heard some 
excellent presentations on things we 


eries 


have always taken for granted. But 
they were clearly restated and the 
many exceptions to accepted simple 
processes were elaborated on. 

People like John Clark and my- 
self are going to have to rely on 
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to bring 
we are 


scientists to continue 
these problems. Then 
have to somehow move in the 

scene, to express’ these 
things in ways that cause the whole 
country to share the same values, 
John was absolutely correct Tuesday 
when he said that the further you get 
away from the estuary the less in- 
terest there is in it. It is up to us 
to take the proceedings of this impor- 
tant conference and put them into a 
simple document that people can under- 


field 
forth 
going to 
political 


stand and convince the politicians 
that when they do build a dam up- 
stream, out of sight of the estuary, 


it does have an impact. I think that 
this conference will go down as being 
very important as the first step to 
accomplishing many things that have to 
be done. 


Fish and Wild- 
going to read 
recommendations 
me. They are 
included in a 


Norm Benson, U.S. 
life Service: I'm not 
all the comments and 
that were presented to 
very good and will be 
summary paper which will also include 
the remarks that John made. So, if 
you expressed some concerns or recom- 
mendations, don't feel that they will 
not be considered. But we felt that 
we had to focus on a few major recom- 


mendations which enveloped all the 
more specific ones. 
Rezneat Darnell, Texas A&M Uni- 


versity: There is one thing missing 
from this conference and that is as 
follows: estuaries are now being 
managed largely by a number of dif>- 
ferent agencies, each with its own 
specific guidelines, its own specific 
aims, and its own authorizations. 
There is no central authority for the 
management of estuaries. Somehow or 


other, we have to give some thought to 
should the man- 
Somebody must 


the question: who be 


agers of estuaries? 


take the lead in management. Other- 
wise, so.utions will be almost impos- 
sible because nobody will have estu- 
arine management as a central pri- 
ority. 

John Clark: I think that is a 
good point. We should note that we 
are doing a fairly good job in the 
wetlands, at least those on the major 
water bodies and the coast. There is 
no office or bureau of wetlands any- 
where, yet somehow, by a little leg- 
islative and administrative magic, 
we're doing a fairly good job. We 
may have to settle for something like 
that for estuaries. 


Rezneat Darnell: I'm not saying 
we necessarily should be identifying 
the manager, but I| think we should 
identify to whom we are addressing 
our concerns, whether the Corps of 
Engineers, the Fish and Wildlife 
Service, or some other group. Let's 
identify the organizations which have 
a role to play and if there is one 
which can take the lead, then iden- 
tify that one. 


John Clark: [ think that's a 
good idea. We certainly can't trust 
to luck that the message will arrive 
in the right hands to get the action 
we need. 


Mr. Clark invited comments from 
the floor. These comments have been 
transcribed from a tape recording of 
the session and have been edited for 
grammar and clarity. Whenever pos- 
sible, speakers have been credited 
with their remarks. Any speaker who 
did not divulge their identity has 
been named "Anonymous." 


-—— ee 


DISCUSSION 


Anonymous: | think that we need 
a water management plan for each 
estuary and its watershed in the 
United States. I| know we cannot just 
Start out and do that for every 
estuary, but we could start with the 
primary estuaries, proceed to the 
most threatened estuaries, and grad- 
ually work our way through the re- 
mainder. | really think our manage- 
ment plan must include not only the 
estuary but its watershed, for a 
large number of reasons brought out 
in this conference. 


John Clark: Do you have any 
idea what sort of form that might 
take, or who would authorize or fund 
it? 


Anonymous: Not really. I would 
think that the Water Management 
Council could play some major role 
and [| would also hope that the Fish 
and Wildlife Service and the National] 
Marine Fishery Service would be in- 
volved. 


John Clark: Thank you. Ben 
Mieremet suggested that the special 
area management program being pre- 
pared by the Coastal Zone Management 
Office may be helpful in this type of 
planning. Some states, Washington, 
for example, certainly could do it. 
Other states, such as California, 
could get a grip on some if not all 
the watershed and some of the estu- 
aries through their coastal zone 
management program. Your suggestion 
is helpful, but I think we need some- 
thing that is even bolder and direct- 
ly tackles the watershed management 
issue. I'll give you just a clue of 
what we're considering for the Apala- 
chicola National Estuarine Sanctuary 


in the Florida Panhandle, ‘That sanc- 
luary iS serving as a test case tor 
many of these ideas. We're hoping to 


establish a kind of Fish and Wildlife 


Coordination Act right to review any 
major projects in the watershed by 
the estuary management committee. 


That watershed is 18,000 square miles 
of Alabama, Georgia, and Florida and 
we would like the right to review the 
major projects that could signifi- 
cantly affect the estuary. Certainly, 
the Fish and Wildlife Coordination 
Act review mechanism has accomplished 
a lot in the last 15 years, especial- 
ly with public support. The Apalachi- 
cola case would be a good start and a 


good example. It illustrates our 
need for a mechanism larger’ than 
states because so many watersheds go 


through many states. 


Keith Bayha, U.S. Fish and Wild- 
life Service: In marketing the re- 
sults of this symposium, one arena 
that might be considered is the U.S. 
Water Resources Council. Many of you 
may be that a new mandate is 
currently being considered in the 
Congress in the form of an amendment 
to the 1963 Water Resources Planning 
Act. It could that a could 
be written into that legislation to 
iccomplish what John just described. 
be added to the 

function. that 
cussed on opening day. 


aware 


be section 


This could 


dent 


indepen- 


review was dis- 


Clark: 
that 


seems 


John be 
to take 
if that 
or if anybody is willing to 
it. He has already 
like to cooperate. 


l'd happy 
with Jerry Seinwel! | 
like the right approach 
do 


would 


very 
up 


else 


said he 


John, [| have two 
the 
emphasis on 
pimes sounds a little 
to hold the 
of nonchange. It 


that the 


Anonymous : 


concerns about recommendation. 


First, the Salinity re- 


| ike Wwe 


trying system in a state 


is very impo 


we make statement cle. 


indicate that the salinity regime 
must be considered in a broader sense 
than the one that presently exists. 
think there should be 
recommendation concerning 
of the transported sedi- 
load and dis- 
into the estuary 
heard from the Corps of 
Engineers, for example, that during 
the last 20 years there has been 
something like a 50 percent reduction 
in transported sediment load coming 
down the Mississippi River, which I 
consider a very important fact. 


Second, | 
a specific 
maintenance 
ment, both 
solved solids, 
system. We 


suspended 
input 


John Clark: Let me comment on 
the second point first. I'm struck 
by the fact that on the Mississippi 
you are starving for sediment while 
['m working at a bay in South Caro- 
lina where sediment is the abomina- 


[t's ruining the 
Georgetown, South 


tion of the place. 
economic future of 
Carolina, and upsetting everybody's 
environmental, social, and economic 
plans and we would like to find a way 
to through-put the sediment to the 
ocean as fast as possible. So I don't 
think it one direction, but 
the that definitely 
should 


goes in 
subject is 
addressed. 


one 
be 


Now, 
carefully 
linity. 
tain the salinity regime. When | 
about qualifications to the recom- 
mendation, | that we should em- 
the for sensitivity to 
seasonal needs. For example, oysters 
spawn by temperature triggering. They 


on the first topic, I very 
did not say maintain sa- 
very caretully said main- 
talk 


mean 


phasize need 


need fresh water when it is coming 
naturally and not sometime in, say, 
February. That has to be considered 
and it does make the matter compli- 
cated. Somebody has to do some seri- 
ous study of the functional elements 
f an estuary before the estuarine 


ssessment can be effectively 
the 


impact a 


made. We have to know 


regime in 


detail in order to maintain it. Is 
that the essence of what you are say- 
ing? 


Anonymous : I was thinking in 
terms of longer time periods; the 
gradual changes in salinity regime 


which might drive an ecological suc- 
cession over a period of a century or 
more, for example. 


John Clark: That's big time 
stuff. I think it is well put and we 
will include it. 


Anonymous: I[ have two questions. 
First, what are your reactions to the 
bill which is attempting to develop a 
board for coordinating estuarine re- 
search in Chesapeake Bay? Second, 
can an interstate river-type com- 
mission be created as a legal entity 
to deal with estuarine areas? Or, 
could we create in interstate-like 
commission for San Francisco Bay even 
though it is not in more than one 
state? Could a body comparable to an 
interstate river commission function 
as the governing body for an estuary? 


John Clark: Your second ques- 
tion has been pretty well debated 
around the Chesapeake Bay. On your 


first question, there have been seri- 
ous problems in the Chesapeake Bay 
about trying to focus research on 
management-specific topics and trying 
to get a good management data bank. 
Most of us are discouraged over the 
way that the budget is being spent. A 
lot of good work has been done but 
minimal management recommendations 
have resulted from the work. 


Actually, the Chesapeake Bay is 
not an estuary at all. [t is a series 
of twelve estuaries all feeding into 
a common water basin and real prog- 
ress on the Chesapeake Bay will hap- 
pen only when we stop talking about 
the bay as a whole entity and begin 
to look at these separate but inter- 
acting ecosystems that are formed by 
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the basins and waters of each of the 
rivers. As far as what the pending 
legislation could do, I| think all of 
us would appreciate anything that 
Congress is willing to do to help us 
focus research to provide managers 
with what they need. I[ think the 
fault is on both sides. Scientists 
have not been responsible about try- 
ing to address their research proj- 
ects to management needs. But man- 
agers have not been thinking through 
what kind of data they really need to 
make next month's or next year's de- 
cisions. 


As far as the details of the 
bill, the idea of a river basin com- 
mission for the Chesapeake Bay has 
not won much favor, because people 
have a very stylized idea of what a 
river basin commission does. However, 
I think that when we get some solid 
estuarine policy, existing river ba- 
Sin commissions will be a good place 
to take it because the commissions 
tend to look more broadly at problems 
than do individual project advocates. 


Jim Anderson, U.S. Fish = and 
Wildlife Service: We heard quite a 
lot about the need for freshwater 


inflow and maintaining the right sa- 
linity regime. Is there anything in 
those recommendations about looking 
at the water quality as well as quan- 
tity? We have encountered some real 
problems in the last couple of years 
in Nueces Bay and some of the other 
Texas bays. 


John Clark: Water quality 
management is really conducted in two 
ways in the United States today. One 
is source control, mostly point 
sources, where we try to get manage- 
ment practices at the source which 
will reduce pollution input. Sup- 
posedly we are dedicated to the goal 


of totally eliminating pollution. 
The other method is to look at the 
water basins themselves and, if 
quality has deteriorated below a 


certain threshold, we are supposed to 
exercise particularly stringent con- 
trols on pollution. We are supposed 
to make sure that there is no further 
deterioration of any of the water 
bodies in the country. Neither ap- 
proach really puts together a plan 
for a unit resource. In fact, EPA 
does not even think about that. EPA 
is tuned to the concept of the qual- 
ity of human life that arose about 
ten years ago. That is what they are 
protecting and taking care of, which 
is not the resource business at all. 
Now, do you have any idea how one 
could state water quality objectives 
for an estuary? 


think we need 
the 


Jim Anderson: | 
to look more at the health of 
fish and wildlife resources’ than 
concentrating so much-— on _— human 
health, as EPA does. There needs to 
be some kind of a coordinating body 
to do that because, as you mentioned, 
EPA does not consider the cumulative 
impacts when they grant permits. They 
are looking at one specific source 
each time. 


John Clark: The management 
plan, as well as asking for a certain 
amount of freshwater inflow to estab- 
lish a certain salinity regime prob- 
ably ought to require a water quality 


plan as well. | wonder if anybody 
here can think of a way to express 
that objective. One might say that 


you would have a water quality plan 
for each estuary which would maintain 
the ecosystem at some optimal level. 
Does anybody have any ideas on how we 
can express water quality objectives? 

Dan Tabber, U.S. Fish and 
Wildlife Service: We could probably 
strengthen our platform by including 
a seconding of the existing 
structural which 
deve lopment estuaries. | 
like that 


non- 
regulate 


controls 
on 
Suggest 


would 


also to we recom- 


Congress additional or more 
institutional non-struc- 
such as aquisition, 
more effective per- 
In Louisiana and 
probably, in most 
other areas of the country, the most 
pressing need is the fact that if we 
do not do this we may lose some estu- 
aries before we can implement these 
water-management plans. 


mend to 
ettective 
tural measures 
zoning, and a 
mitting process. 
Mississippi and, 


John Clark: That is a really 
good point and one that several peo- 
ple have mentioned in the recommenda- 
tion which we have received. You do 
need some kind of action which in- 
volves the local governments’ and 
municipalities that lie around these 
estuaries. Only governments possess 
zoning and other regulatory powers, 
which could be very helpful. The 
recommendations also do not stress 
the need for acquisition of critical 
Surrounding areas, but I think that 
goes without mention. What [ think 
is implicit is the continuing search 
for ways to conserve without purchas- 
ing in fee any more land than we have 
to. We are under attack by many 
groups who really do not want anyone 


coming in and buying up parcels oft 
floodplain, wetland, rangeland, or 
whatever. So, we have to think about 


more innovative approaches in gaining 


control over the land than buying the 
deed. 

Dan Tabber: [In our area, it has 
been left up to the state, or the 
county or parish, and it has not 
been, by and large, successful. I 
realize that sometimes local entities 
do not want Federal intervention but 
the state is the minimum unit in our 
area. | know in other areas around 
the Southeast, particularly Georgia, 


they have been very effective. 


our 
Bay 


When created 


Apalachicola 


Clark: 
designate 


John we 


plan to 


and the Apalachicola River to_ the 
head of tide as a sanctuary, we drew 
up plans to purchase more wetland, 
incorporate already purchased areas, 
and purchase some adjacent lands and 
floodplains. Then we realized we had 
only pushed the boundary back a lit- 
tle and that beyond the new boundary 
was the spector of bad use of private 
lands. So the next thing we did was 
to get the county commission to go 
ahead and fund a local land use plan- 
ning effort in which they are going 
to adjust their zoning and building 
codes to provide the butfer area in 
the private land around the desig- 
nated sanctuary. I suppose once that 
is done, we will find that it creates 
another boundary beyond which we need 
to do something, ad infinitum, until 
we arrive in Atlanta, Georgia. 


Donald Williams, University of 
Southern Mississippi: As I listened 
to papers this morning and the com- 
ments here, I kept thinking that 
there is a critical question as to 
what regime we want to conserve. 
Should it be the already highly 
modified, highly polluted,  over- 
sediment-loaded input that is coming 


in, or one that may have existed in 
the past? Do we just hang on or do 
we actually try to improve the re- 
source? 

John Clark: I, for one, think 
it is time that restoration entered 
more strongly into our lexicon and 
that we tuned more of our research 


objectives and efforts toward resto- 
ration. I'm working on a little 
estuarine restoration project up in 
North Carolina. There, we are trying 
to restore the hydrologic processes 
that have been lost by bridge con- 
struction and the Intercoastal Water- 
way. [| have talked to other people 
and it seems that there is a growing 


realization through the country that, 
begin 


as we to make some headway on 
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and 


fill, 
source, and some of the other things, 
we are now getting to the point where 


wetlands, dredge point 


be a very hot 
way it can be done is il- 
lustrated by a project on Long Is- 
land. There the estuarine wetland 
system was restored as mitigation of 
a bridge building project which had 
damaged the wetlands by blockage and 


restoration should 


item. One 


excessively small culverts, among 
other things. In time, we are going 
to do more restoration. The problem 


with restoration is, who is going to 
pay tor it’? When we are dealing with 
permits or the effects of construc- 
tion projects, somebody has already 
put up the money, the Federal Govern- 
ment, private developer or whoever. 
They are aggressively trying to pur- 
sue this project and spend their 
money. To ask them to spend a little 
more for environmental protection is 
one thing, but to advocate that a 
certain bay be dredged out or the 
marshes be replanted, or sea grass be 
Started, or causeways that are inter- 
fering with circulation be torn out, 
all those things are de novo expense. 
This leads to the idea that we need 
to have our restoration objectives in 


mind at all times and then hook them 
on to mitigation wherever we Can. 
There is a corollary to that. If you 
are going to try to work with a sa- 
linity objective, you may crank it 
back to some place in time where you 


believe that your minimal functions 


produce the values you want. 


Tom Yokum, National Marine 
Fisheries Service: You asked about a 
definition for water quality. In the 
present reauthorization process for 
the California Central Valley 
Project, they have used a quick and 
dirty definition which’ specifies 
water quality in terms of conditions 
that would maintain fish and wildlife 
at some recent historical level. 


There are some problems with that 
approach, but it is a quick way to 
provide something that a politician 
can understand. 

With regard to the four rec- 


ommendations, initially when you said 
salinity regime, I sort of blanched. 
In the San Francisco Bay estuary we 


keep redefining the estuary as it 
moves on up the Sacramento River. If 
we want a salinity regime, we will 


have to define the area where we want 
the salinity regime to be maintained. 
There will be a salinity regime some- 
where, perhaps in San Franciso Bay, 
maybe in the delta, and maybe moving 
its way up toward Mount Shasta. 


John Clark: If you just think 
of an estuary as a kind of narrowing 
bay structure, narrowing from the 
sides and often from the bottom, the 
more you move it back the _ less 
estuary exists. The volume decreases 
exponentially as you move toward the 
head of the estuary, so moving the 
interface ten miles upstream may be 
reducing the effective size of the 
estuary by 90 percent. 


Tom Yokum: Estuarine impact 
assessment for major water projects 
is something we have been pushing for 
in California. In addition, we need 
to look at cumulative impacts and not 
just the impact of any one project. 
Estuaries being piecemealed to 
death so asking for an assessment of 


are 


an individual project does not help 
much. 

[ was hoping that this symposium 
would say something about’ interim 
standards. We need to maintain 


flexibility and maintain enough water 
in the system so that we can meet the 
goals whenever figure exactly 
what those goals are. Mike Rosengurt 
that flow by 
than represents 
the Soviet 


we out 


reduction of river 


thirty percent 


said 
more 
in 


problems 


ecological 


Union. [f we could get a symposium 
to at least say some percentage of 
river flow means estuarine trouble, 
it would give those of us on the man- 
agement end something we could refer 
to rather than saying this is what we 
think. Then, when I am asked for 
evidence, | can say John Clark says 


so and maybe that will be sufficient. 


John Clark: Before I respond to 
your point, let me say that the next 
major conference on estuaries will 
probably have to include more of the 
management, legal, institutional, and 
political structure. We have probably 
gotten as far as we can talking to 
ourselves as technicians. The next 
step is to meet the other groups and 
to discuss this with people who sup- 
posedly know how to get things done. 


There is some potential for the 
States to improve how they are manag- 
ing estuaries through their own means 
and by cooperation with local govern- 
ments. But, from the California per- 
spective, how about some change of 
focus or policy at the national lev- 


el? How could that help California 
to do its job better? 

Tom Yokum: I don't know. The 
California water rights picture is 
extremely confused. My own opinion 
is that there is not enough water 
left in the system now and [ do not 
know how you get it back. There is 
going to be considerably less water 
in the system in the next 20 years 


irrespective of any recommendations [| 
make. 


Anonymous: As a non-technician, 
I think it is safe for me to suggest 
that the other side of the salinity 
regime question is the amount of 
fresh water coming in. Using what | 
decided to call the Rosengurt ratio, 
[ would suggest that reduction below 
twenty-five percent of the norma] 
freshwater flow is trouble. Mike 
Rosengurt told us about that on the 


rivers in Russia. He used twenty-five 
percent because the freshwater flow 
naturally fluctuates that much. When 
you remove up to thirty percent, you 
are beginning to enter the hazard 
area. Then you hit thirty-five per- 
cent and trouble. The rivers entering 
San Francisco Bay right now have 
somewhere between sixty and seventy 
percent removal, so you can see what 
kind of trouble we are in. As you 
seek a definition of the salinity 
regime, perhaps it would be useful 
for you to put some numbers in it. 
Or, perhaps, that is for the next 
conference. 


John Clark: I agree that we are 
going to have to do more than just 
talk about inflow rates. When we 
have another one of these symposia, 
we ought to have somebody prepared in 
advance to look at the data base that 


we have and see if we can either 
confirm that number for the United 
States or come up with some other 
number that is more appropriate. 


Twenty-five percent may be the num- 
ber, but we ought to confirm it. If 
we came prepared, if someone’ had 
really done the research on it, then 
we could thrash it around and come 
out with something that would be very 


helpful. We certainly do need guide- 
lines. 

Wiley Kitchens, U.S. Fish and 
Wildlife Service. I would like to 
express my concern regarding the 
salinity regime recommendation. You 
made a point earlier that estuaries 
are individual entities. I don't 
think that, for example, dilution 


water is the answer to the problem in 
coastal] Louisiana. We need to 
separate the issues here. Sediment 
Starvation, in my opinion, is the key 


problem in this particular part of 
the coast. The river continues 
its discharge. If you don't believe 
that, take a look at some of the 
Landsat imagery. It is a matter of 
where the fresh water and sediment 
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load are being discharged. Il, for 
one, think that salinity is just as 
much a variable issue’ in the 


maintenance of estuaries systems as 
is the sediment budget. Maybe the 


real issue is the hydrologic regime 
and the factors attended to that 
particular system. 

John Clark: Thanks. Yours is 
the seventh contribution that I've 
added to expand and develop on my 
Original list. Maintenance of the 


hydrological regime is where we need 
to head. We need to be able, though, 
to simplify the objective to whatever 
will get the idea across in the 
simplest way possible. Consider the 
combination of salinity, water flow, 
and sediment transport. None of these 
are so scientifically complex that 
laymen cannot grasp them. We are 
approaching the point where we can 
define what we need in terms that are 
politically viable. 


Wiley Kitchens: My point is 
if we are simplistic about it, 
is going to be the name of 

There are estuarine 
systems that function very well, 
essentially, on the rainfall that 
falls directly into the basin. There 
are a number on the coast of South 
Carolina that operate just this way 
and are very productive. We need not 
be overly simplistic. 


that 
diversion 
the game. 


Chris Tamke, Florida Department 
of Natural Resources: There has been 
quite a bit of comment about the 
larger estuaries; San Francisco Bay, 
Chesapeake Bay, Columbia River and a 
conspicuous absence of comment re- 


garding a number of the smaller estu- 


aries. | hope that the conference 
does not leave outsiders with the 
opinion that the small estuaries are 
less important because | think they 


are important, especially in the case 
Florida, where we have a number 
small estuaries. The cumulative 


oft 
of 


effect of eliminating all of those 
would be at least as bad as eliminat- 
ing one of the other ones. It also 
seems, with possibly the exception of 
the Apalachicola area, that you are 
most likely to maintain the natural 


salinity regime in some of the 
smaller estuaries where there are 
fewer problems than in, say, the 
Columbia River basin. If that is in 
fact the case, some of the smaller 
areas, which could also be more 
easily studied, could become models 


for the larger systems. 


Clark: If I remember 
when the old Federal water 
quality group did their national 
estuarine pollution survey in the 
late 1960's, they identified over 500 
estuarine bodies in the United 
States. We certainly have a lot of 
smaller ones to attend. to. I 
personally feel much more hopeful 
about being able to salvage = and 
conserve the smaller ones than I do 
about some of the larger ones. We 
have perhaps 300 really typical and 
classical type estuarine resource 
units around the country, each of 
which should have a management plan 
right now. 


John 
rightly, 


Murray Walton, Wildlife Man- 
agement Institute: The recommenda- 
tions given earlier by Mr. Clark are 


very fine and we should not quibble 
over differences among individual 
estuaries. Certainly we should move 
forward on the political front, but 


| think we have a lot of opportuni- 
ties on the administrative front. We 
could enforce NEPA better. We could 
enforce the Fish and Wildlife Coor- 
dination Act better. All adminis- 
trative agencies could do a better 
enforcement job and the conservation 


organizations need to make a little 
Stronger push in this. area. The 
problem is not what one bay needs or 


what the other bay needs, the problem 
is estuarine protection. 
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John Clark: Thank you very 
much. That's good advice. Sometimes 
it is really hard to keep on target 


because there are so many needs to 


distract you. 


of 
For 
are 
un- 
In 
the 


Richard Bailey, Department 
Housing and Urban Development: 
the next conference, I think we 
going to be spinning our wheels 
less we involve two other groups. 
the West, you have to get at 
water that is going to farming. You 
should involve Water and_ Power 
Services to a greater extent in the 
next conference. In both the East 
and West, if you are talking about 
sedimentation, watersheds, and 
quality and quantity of water that 
comes down river, you are talking 
about the Soil Conservation Service. 
That agency is not represented here 
but SCS could do quite a bit on a 
national scale. They have the 
existing mechanism, if you get them 
involved with some of these goals. 


John Clark: SCS has some new 
initiatives, going or proposed. I 
feel sure they would appreciate our 
help in pointing out the problems 
that many of the estuaries. are 
suffering because of soil erosion. 
They are having problems” getting 
anyone to take them seriously when 
they talk about cross compliance. We 


could help emphasize their case which 
would strengthen the demand = on 
farmers to do what they should. But, 
there is one other problem. It is 
one thing to try to convince a farmer 
to keep the soil on his field for 
generations to come or to preserve 


soil nutrients, pesticides, and 
anything else he puts on the field 
for his own benefit. It is quite 
another thing to take on the job of 


handling the material that does leave 


the field before it gets to a water 
body. There you enter a_— whole 
different kind of motivation, another 


level of technology, and costs which 


the individual land owner is not 


really going to meet. 


Richard Bailey: Unless you eet 


the problem at that level in_ the 
East, it will be non-point’ source 
pollution that is going to kill us. 


We lack a strategy and I think that 
Strategy is going to be at the level 
of the individual large farmer or 
developer. The farmer is going to 
have to stop allowing his water out 
in the ditch directly from the farm 
even though he is the family farmer. 


Bob Hayden, U.S. Fish and Wild- 
life Service: I want to reemphasize 
the need to quantify the inflow re- 
quirement of estuaries. This is very 
important everywhere and it is 
absolutely critical in San Francisco 
Bay right now because they are 
proceeding as if there is no problem. 
The number that seems to be generally 


accepted at this conference is 30 
percent flow reduction as a threshold 
but in San Francisco we're at 50 
percent. If we could have =a 


conference where we could establish 
the authoritative state of knowledge 
regarding estuarine inflow require- 
ments, this would be a very large 
benefit to us. I suggest that we 
have another conference a year from 
now and have national experts focus 
particularly on that. There is no 
reason that it could not be led by 
units of the Fish and Wildlife Ser- 
vice cooperating with others. J 
think Coastal Ecosystem Team could 
handle it within our existing pro- 
grams. 


think Fish and 
Wildlife has got something started 
here that they are not going to be 
able to ignore in the future. I[ hope 
SO. 


John Clark: | 


Academy of 
Philadelphia: 
re- 


Horowitz, 
O { 
your original 


Richard 
Natural Sciences 


You stated one of 
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commendations twice. When you did 
sO, you equated optimal and natural 
which is only a theoretical equation. 
We have even heard some evidence here 
that it is not necessarily true. We 
may get into trouble if we try to 
make that equation. In fact, some of 
our frustration may stem from trying. 
I think it would be a little better 
to think about natural, not because 
we believe it is optimal, but because 
we know it works for risk management. 


Mike Rosengurt, Sanitation 
District of Los Angeles County: I 
cannot agree that Russian rivers are 
somehow different from American 
rivers. According to the Russian 
experience of the last 20 years, 30 
percent is the critical limit for any 
kind of river. The Volga discharges 
about 200 kilometers cubed per year, 


the Danuve 200, the Dnieper 54, and 
we found that if water withdrawals 
are more than 35 percent of the 


outflow, the salinity increases about 
two or three times, especially in the 


area of delta estuaries. The San 
Francisco Bay area has about 50 
percent withdrawal and a= salinity 
increase in the delta of about ten 
times and about twice in Suisun Bay 
and San Pablo Bay. | fear an 
ecological disaster if we cannot 
outline the requirements for’ the 
Nation. 

Jess Matthews, Texas A & M 
University in Galveston: So many 
different government organizations 
are involved in estuaries that | 
wonder if any one organization 
can be given the function of estab- 
lishing the quality and quantity 
of water and the = priorities or 
limits that each estuary should 
have. ['m bringing this up in the 
sense of suggesting that a non- 
governmental agency, such as_ the 
Conservation Foundation, be charged 


Or 


funneled 


with the re- 


commendations 


Requirements 
be 


job. 
could 


to that organization. More organi- 
zations might be willing to submit 
what they would consider their re- 
quirements if they were not’ sub- 
mitting to a competing organization. 


John Clark: The problem you 
raise is probably the major subject 
that we have to cope with to get 
anything going from this symposium. 
Of course, we'd really like to get 
conservation being done by the people 
that actually makes the changes and 


construct the projects, but if you 
are going to have the fox in the 
chicken coop, you had better make 


sure his stomach is full. 


Walt Gallaher, U.S. Corps of 
Engineers, Dallas: 1 hope that we 
have another symposium on this’ sub- 
ject next year and would suggest that 
we bring some examples of estuarine 
improvement successes. Even if the 
decisions were made without all the 
scientific facts, these examples 
could serve as nuclei or ideas for 
others around the country. 


I think that is a 
Thank you very much, 


John Clark: 
marvelous idea. 


and I hope to see all of you next 
year. 
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INTRODUCTION 


The goal of the National Sym- 
posium on Freshwater Inflow to Estu- 
aries was to review the management, 
planning, and scientific and tech- 
nical problems associated with fresh- 
water inflow to estuaries and to 
formulate recommendations to include 
freshwater inflow in the planning and 
management processes. Thus, the Sym- 
posium was organized to develop and 
assemble information and to propose 
action programs. 


The Symposium revealed that, al- 
though the importance of estuaries 
has been recognized by Congress and 
others, few actions have been taken 
to protect them. As a society we 
find ourselves talking about the im- 
portance of estuaries and how they 
should be saved while our actions, or 
lack of action is the result of many 
causes: the complex nature of estu- 
aries, the geographical differences 
in their requirements and man's ef- 
fect on them, our often fragmented 
single-discipline and single-purpose 
approach toward them, and our will- 
ingness to act without a clear under- 
standing of the ultimate effects of 
our actions. It was recommended that 
there should be a renewed nationwide 
mandate to recogni” estuaries as re- 
sources of extreme y» high value, and 
that nationwide conservation objec- 
tives should be established that can 


be visualized and applied by the 
public, engineers, scientists and 
managers. Optimal salinity regimes 
should be established as conservation 
objectives for each estuary, with 
optional sediment and_ hydrologic 


regimes as related objectives. 


The Symposium's opening plenary 
session described the high values of 
estauries to the Nation for recrea- 
tion, food and aesthetics. Fresh- 
water inflow problems were identi- 
fied in Raritan Bay, Chesapeake Bay, 
southern Florida, the Gulf of Mexi- 
co, San Francisco Bay and the Colum- 


bia River estuary. The problems 
identified include the reduction of 
volume of freshwater inflow, modi- 
fication of seasonal flow regimes, 
reduction of water quality, = and 
alteration of sediment and nutrient 
content in freshwater’ inflow. It 
was emphasized that estuarine deg- 
radation and management’ must_ be 


dealt with more effectively if estu- 
aries are to continue to produce the 
products and services that the Nation 
expects of them. The need to deter- 
mine the effects of various types of 
management on estuarine ecosystems 
was emphasized. It was also pointed 
out that many estuary production pro- 
cesses and environmental problems are 


not directly related to freshwater 
inflow, and that ecosystem planning 
and management must consider all 
man-related actions that affect 


estuaries. Several speakers noted 
that problems exist in defining the 
freshwater needs of estuaries, and 
that widely recognized criteria are 
needed for setting ecological goals 
in estuaries. Because of the lack of 
data, the freshwater needs of many 
estuaries cannot compete with the 
more clearly defined needs of agri- 


culture, industry and cities. 


This review summarizes some of 
the pertinent research findings that 
were presented, some of the planning 
problems identified, specific recom- 
mendations that were presented in 
papers or in discussion, and general 
recommendations on how the protection 
of estuaries may be pursued. General 
conclusions are offered. 


RESEARCH FINDINGS 


The relations between freshwater 
inflow and biological production and 
processing in estuaries were des- 
cribed in many papers. Several pa- 
pers emphasized the need for long- 
term (6 to 15 years) data before 
we can develop an understanding of 
estuarine ecosystems. However, a 
combination of data files and sophis- 
ticated prediction methods can _ be 
used to aid decisionmaking where in- 
sufficient time series data exist. 
The importance of temperature of riv- 
er inflow on estuarine organisms was 
recognized in Chesapeake Bay _ for 
striped bass and in Louisiana _ for 
shrimp and oysters. Natural tempera- 
tures of incoming rivers are being 
altered by the passage of river water 
through power plants and by water be- 


ing discharged from reservoirs and 
other water-control structures) on 
rivers. In some areas the positive 


correlation between shrimp production 
and freshwater inflow has been shown 
but remains unexplained. Benthic in- 


524 


fauna production was directly related 
to freshwater inflow and may be one 
reason for the positive correlation 
between freshwater inflow and shrimp 
production. 


Drainage ditches in North Caro- 
lina increased coastal runoff rates 
which deleteriously affected shrimp 
production. Upper Chesapeake Bay 
salinities have decreased historical- 
ly because of an increased rate of 
runoff due to the reduced amount of 
forested land in the watershed, but 
increased water diversion may reverse 
this trend. Changes in land use have 
influenced river flow in many areas. 


Published results regarding wa- 
ter developments in rivers entering 
the Azov, Caspian, Black and Medi- 
terranean seas in Europe and Asia 
all point to the conclusion that no 
more than 25 to 30 percent of the 
historical river flow can be diverted 
without disastrous ecological con- 
sequences to the receiving estuary. 
Comparable studies on six estuaries 
by the Texas Water Resources Depart- 
ment showed that a 32 percent deple- 
tion of natural freshwater inflow to 
estuaries was the average maximum 
percentage that could be permitted if 
subsistence levels of nutrient trans- 
port, habitat maintenance, and sa- 
linity control were to be maintained. 
The Second National Water Assessment, 
prepared by the U.S. Water Resources 
Council, produced data showing that 
several U.S. estuaries already have 
incurred depletion levels” greater 
than those threshold levels. Several 
models were described or are under 
development for predicting the eco- 
logical effects of freshwater inflow 
in Texas, Chesapeake Bay and _ San 
Francisco Bay. 


the salinity 
for 
and 


The importance of 
transition zone in estuaries 
mineralization, mobilization, 


release of nutrients from the sub- 
Strate of estuaries was described. 
Remote sensing can be used to monitor 
salinity, chlorophyll a, temperature 
and suspended sediment in estuaries. 


Studies on Potomac River water 
quality from 1920 to 1979 identified 
the importance of suspended sediment 
in preventing algae blooms where ni- 


trogen and phosphorous levels in in- 
flowing water have increased.  Re- 
search in wetlands adjacent to a 
heavily developed resort area in 
Florida predicted that’ freshwater 
inflow can be partially restored 
through a combination of retention 
structures (small lakes) and spread- 
ers to attain sheet flow into the 


estuary. The capability of predicting 
delta formation for several Louisiana 
estuaries exists and should facili- 
tate planning over-dike’ freshwater 
inflow introductions. 


All sections of the conterminous 
U.S. coast were covered in the re- 
search papers, but there were more 
papers from the Gulf of Mexico than 
from other coastal areas. 


PLANNING 


Planning problems and ideas were 
generated by many papers and in the 
discussion. Several speakers empha- 
sized the need for multi-agency and 
interdisciplinary studies and plan- 
ning efforts. Clearly defined ecolo- 
gical and development goals must 
established for individual estuaries. 


be 


These goals may describe types of 
habitats (e.g., intermediate and 
freshwater marsh in Louisiana) that 
are needed, desired organisms to be 


maintained, and uses of estuaries and 
freshwater supply by people. Manage- 


Wn 


JS 


ment for protection of estuaries must 
be comprehensive; it must extend up- 
stream and include water and _ land 
use. Although many models use finfish 
or shellfish production to evaluate 
the effects of freshwater’ inflow, 
several authors felt that it would be 
preterable to use community condition 
or ecological structure and processes 
to evaluate effects. 


Comprehensive 
involve getting the 
local, state, and Federal agencies, 
plus special interest groups. Lf 
they are properly used there are many 
state and Federal mandates and direc- 
tives that can provide justification 
for providing freshwater inflow to 
estuaries. 


management must 
support of many 


it has been diffi- 
cult to get local support for rein- 
troducing freshwater inflow into 
estuarine habitats because the local 
and short-term demands are high, and 
long-term impacts, while beneficial, 
are foregone. Small-scale  fresh- 
water-introduction programs are being 
tried to demonstrate the values of 
maintaining more natural dispersal 


In Louisiana 


before large-scale programs are un- 
dertaken. 
RECOMMENDATIONS 

Specific recommendations were 
made by speakers and general recom- 
mendations were developed at the 
closing plenary session with signi- 
ficant audience participation. There 


is some overlap between the specific 
and general recommendations, but both 
are presented below. Some specific 
recommendations apply to restricted 
geographical areas. 


Specific Recommendations 


1. Baseline data files on in- 
dividual estuaries should be estab- 
lished for use in identifying future 
ecological change. 


% Mission-oriented agencies 
responsible for developing management 
plans or for land acquisition and 
zoning in the coastal zone should es- 
tablish draft priorities for their 
activities for the estuaries of the 
United States. These’ priorities 
should then be evaluated and trade- 
offs developed by interagency groups, 
regional or state agencies so that 
the established priorities will serve 
environmental, commercial, urban, and 
other interests in a comprehensive 
manner. 


3. Criteria for evaluating the 
freshwater needs of estuaries must be 
established on a national level. Cri- 
teria may be either purely physical 
or ecological, but physical criteria 
are easier to establish on a national 
level. Salinity must be considered 
because it is a fundamental ecolo- 
gical factor and is easily measured. 


4. Refined methods for evalu- 
ating the economic and non-economic 
benefits of freshwater inflow to 
estuaries need to be developed. Bene- 
ficial uses of estuaries must be de- 
fined and justified more clearly if 
adequate fresh water is to be pro- 
vided through water rights decisions. 


5. Planning for freshwater in- 
flow to estuaries should be based on 
the carrying capacity approach, but 
trend analysis may be used to iden- 
tify change. Carrying capacity is 
defined as the capability level of 
the estuary units to produce essen- 
tial ecosystem products and services. 

6. The ecological effects and 
economic consequences of proposed in- 
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land water development projects must 
be tracked to and through the estu- 
aries. Coastal ecological communi- 
ties and estuarine values must be in- 
cluded in tradeoff analysis of up- 
river planning through impact assess-~- 
ment. 


7. There needs to be a stronger 
and more effective use of existing 
state, regional, and Federal regula- 
tions and mandates to bring freshwa- 
ter inflow into water planning. 


The reintroduction of fresh- 
water into estuarine ecosystems in 
the lower Mississippi River region 
should be primarily a Federal res- 
ponsibility because most of the di- 


8. 


version of fresh water away from 
estuarine habitats resulted from 
Federal flood control and naviga- 


tion projects. 


9. Management and research pro- 
grams on rivers and watersheds should 
be integrated with those for estu- 
aries. 


10. Information developed abroad 
showed that a reduction of over 25 to 
30 percent of natural river flow re- 
sulted in disastrous ecological con- 
sequences in estuaries. Therefore, 
we suggest that (1) the U.S. Environ- 
mental Protection Agency give serious 
consideration to promulgating a stan- 
dard for cessation of further con- 
sumptive depletion of natural fresh- 
water inflow until it can be shown 
that additional depletion can be tol- 
erated, and (2) that the U.S. Water 
Resources Council include as part of 
the President's proposed Independent 
Project Review Process a criterion 


for evaluating adherence to such a 
standard. 
General Recommendations 

At the final plenary session 
four general recommendations were 


presented and discussed. It was 
Stated that although the importance 
of the estuaries has been recognized 
by Congress since the early 1960's 
and was stated explicitly in the pas- 
sage of the Estuary Protection Act in 
1968, few recommendations of profes- 
Sional groups have been acted on ef- 
fectively to protect estuaries. One 
problem is that estuaries are_ so 
variable the scientists, engineers, 
and planners have not worked together 
effectively on a national level to 
reach a general consensus’ on_ how 
estuaries can be managed and_ pro- 
tected. There has been some success 
at regional and state levels. An ac- 
tion program to protect estuaries is 
needed because of the extremely high 
productivity of estuaries and because 
they are vital to coastal and ocean 
ecosystems and to the Nation as a 
whole. Although such mandates as the 
Coastal Zone Management Act, National 
Environmental Policy Act, Clean Air 
Act and the Estuary Protection Act 
strive to protect estuaries, there is 
a lack of a clear mandate to protect 
them systematically and effectively. 
Accordingly, four general recommenda- 
tions were developed at the sympo- 
sium: 


1. Estuaries are complex eco- 
systems that can be managed for com- 
mon purposes. Some types of water 
use in estuaries will serve special 
purposes, but compromises can_ be 
worked out. Man-caused changes in 
freshwater inflow or other morpholo- 
gical or hydrological changes in 
estuaries must be evaluated as to how 
the changes will affect the structure 
and processes in estuarine ecosys- 
tems. 


2. There should be a nationwide 
mandate to recognize estuaries as re- 
sources of extremely high value and 
worthy of protection. 


ho 


3. Each estuary must be treat- 
ed aS a unit resource and must have 
its own management plan. We need, 
however, a conservation objective 
that can be applied to estuaries in 
general and that can be visualized 
by the political sector, the public, 
fishermen, engineers, planners, and 
scientists. We propose that optimal 
salinity regimes should be estab- 
lished as conservation objectives for 
each estuary with optional sediment 
and hydrological regimes as related 
objectives. These regimes shall rec- 
ognize seasonal, annual, and histori- 
cal variation. If these objectives 
are properly established and imple- 
mented, they will protect estuary 
ecosystem functions and _ processes. 
These conservation objectives” shall 
Serve as targets for planning and 
management in estuaries. 


4. Finally, we should pursue 
these recommendations with govern- 
mental agencies, Congress, and else- 
where to bring the protection of 
estuaries as a national issue to be 
considered in all water development 
and management programs. 


CONCLUSIONS 


The symposium brought together 
people from a variety of disciplines 
and special interests to deal with 
the problem of tying together inland 
river management and land use _ plan- 
ning for the protection of estuaries. 
It reviewed the progress that is be- 
ing made to bring freshwater inflow 
to estuaries into water planning. It 
identified weaknesses in our data 
base that must be filled before de- 
tailed estuarine protection programs 
can be developed. [It identified ex- 
isting Federal and state legal and 
regulatory mandates that can be used 
to bring freshwater inflow into plan- 
ning. 


The diversity in estuarine eco- 
systems has prevented an effective 
nationwide program to establish cri- 
teria and objectives for estuarine 
protection. Also, the responsibility 
for environmental management and 
planning in estuaries is dispersed 
among many Federal and state agencies 
and local governmental units. Coastal 
zone management programs have not 
been generally effective in protect- 
ing estuaries. 
recommendations 


The emphasized 
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the need for a nationwide approach to 
develop criteria for the balanced 
uses of estuaries which would serve 
to preserve and enhance their 
environmental values. The responsi- 
bility for protecting estuarine 
ecosystems needs to be defined more 
clearly at the Federal level so that 
all upstream projects affecting water 
supply must be evaluated relative to 
their effects on éstuaries. Finally, 
efforts must be made _ to. protect 
estuarine ecosystems as a nationwide 
policy. 
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